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EXTmME VACUUM TECHNOLOGY INCLUDING CRYOPUMP, 

PRESSUIYZ STANDARDIZATION STUDIES 
GETTER-ION PUMP, DIFFUSION P L ?  AND 

bY 

Pau l  J. Bryant and Charles M. Gosselin 

ABSTRACT 

The program reported here i s  divided i n t o  two major areas  of concern: 
UHV pumping techniques and UHV pressure measurement. I n  t h e  pumping 
technique s t u d i e s  gross cryopumping capac i t i e s  f o r  helium and hydrogen on 
type  304 s t a i n l e s s  s t e e l  were determined, ge t t e r - ion  pumping mechanisms 
were s tud ied ,  and d i f fus ion  pump nozzle designs were inves t iga t ed .  I n  t h e  
p re s su re  measurement s tud ie s  an independent pressure  re ference  employing an 
e l e c t r o n  f i e l d  emission microscope was e s t ab l i shed  and t h e  ion cu r ren t  vs. 
pres su re  response curves were determined f o r  t h ree  commercial cold cathode 
gauges; NRC type 552, GCA Model 1410, and G. E. 22 CT 214. 
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This r epor t  reviews the  r e s u l t s  of t h e  two phases of work, UHV pumping 
and UHV pressure  measurement. The pumping s tud ie s  include cryopumping, 
g e t t e r - i o n  pumping, and d i f fus ion  pumping. The UHV p res su re  measuring 
s t u d i e s  include a v e r i f i c a t i o n  of low pressure  measurements, and se l ec t ed  
gauge c a l i b r a t i o n s .  

Cryopumping 

The cryosorpt ion s tud ie s  have included t h e  s impl i f i ca t ion  of a phys ica l  
absorpt ion isotherm theory based on a t r i a n g u l a r  s i t e  model, t he  develop- 
ment of a quartz  c r y s t a l  o s c i l l a t i o n  microbalance, and t h e  development of 
a technique t o  c o r r e l a t e  gross  cryopumping capac i ty  t o  equi l ibr ium pressure  
above a cryopumping surface.  Data f o r  helium and hydrogen adsorbed on a 
su r face  (304 S.S.)  maintained a t  4.2"K and near 20"K, r e spec t ive ly ,  a r e  
presented .  The da ta  ind ica t e  t h a t  the equi l ibr ium pressure  above t h e  
cryosurface begins a rap id  increase  a t .  z~pr~ximstzl;~ Gi-ie-liail" monoiayer 
coverage. Also r e s i d u a l  gas ana lys i s  has been conducted f o r  t he  cryopumped 
system and i s  presented.  

Get te r -  Ion Pumping 

The pumping c h a r a c t e r i s t i c s  of Penning c e l l s  have been inves t iga t ed  
as a func t ion  of pressure  and of the cathode t o  anode vol tage .  A funda- 
mental s tudy of Penning discharge phenomena and a d e t a i l e d  study of the  
pumping e f f e c t  f o r  var ious gas species has  been included.  An experimental  
Penning c e l l  has been f ab r i ca t ed  and employed t o  measure geometric changes 
i n  the  discharge a c t i v i t y  as  a funct ion of pressure .  The observed v a r i -  
ance i n  discharge a c t i v i t y  has been r e l a t e d  t o  t h e  mode change reported by 
Rutherford f o r  ge t t e r - ion  pumps and t o  t h e  s e n s i t i v i t y  change observed 
i n  pressure  measuring devices employing Penning discharges.  

Diffusion Pumping 

Improved operat ion of a d i f fus ion  pump has been obtained by means of 
a dua l  expansion nozzle .  The spec ia l  nozzle design permits  operat ion of 
a d i f f u s i o n  pump a t  higher  vapor j e t  d e n s i t i e s  without t he  loss of pumping 
speed. Thus lower back d i f fus ion  r a t e s  can be maintained. This technique 
w i l l  be  of p a r t i c u l a r  value i n  mult i -s tage d i f fus ion  pumps where i n t e r s t a g e  
desorpt ion l i m i t s  t h e  ne t  pumping speed. 
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Independent Verification of Low Pressure Measurements 

Extreme vacuum measurement techniques have been placed on a firmer 
footing by the use of an electron field emission microscope to determine 
strike rates of molecules at pressures in the lo-' torr range. 
emission microscope experiment described has been performed at xenon pres- 
sures in the 1.3 to 7.9 x 10'' torr range. Agreement between the striking 
rates and vacuum gauge response has been found in the pressure range studied. 

The field 

Selected Gauge Calibration 

The ion current vs. pressure response curves for the Redhead (NRC 
Type 552), Kreisman (GCA Model 1410), and Trigger Discharge (GE 22 CT 214) 
are presented. Also a discussion of characteristics of the response curves 
based on an investigation of Penning discharge phenomena is included. 

I. INTRODUCTION 

The field of applied vacuum technology can be divided into two major 
areas of concern, (1) the production of vacuum environments and (2) the 
.measurement of the degree of evacuation which exists within each environ- 
ment. The extreme-vacuum technology research program at MRI has investi- 
gated aspects of each of these areas of concern. 
evacuation deal with three pumping techniques: cryogenic, getter-ion, and 
diffusion. The studies related to the measurement of low pressure deal 
with the development of methods to independently verify the levels of 
evacuation as indicated by present gauging techniques and the determination 
of the ion current to pressure response curves for the three commercial 
gauges employing Penning discharges. 

The studies related to 

Cryogenic Pumping 

In general, extremely low pressures torr) are achieved primarily 
by cryopumping techniques. However, this method of pumping is limited in 
that only a certain quantity of gas can be absorbed onto a cryopanel before 
the panel becomes saturated and can no longer maintain a low pressure above 
its surface. Consequently, the gross cryopumping capacity for specific 
gases is of interest to people designing and using cryopumps. Therefore, 
our studies have endeavored to determine the gross cryopumping capacity of 
type 304 stainless steel for He and H2 and to determine the composition of 
residual gases which are found in metal cryogenically pumped vacuum systems. 

2 



Getter-Ion Pumping 

The technique of ge t t e r - ion  pumping has proved t o  be a valuable  means 
of  producing evacuation i n  the  high and u l t r a h i g h  vacuum (UHV) ranges. A 
review of t he  ge t t e r - ion  technique revea ls  t h a t  two major processes  occur.  
Gas molecules a r e  pumped e i t h e r  as n e u t r a l  gas spec ies  o r  as gas ions .  The 
f i r s t  process  i s  not  d i r e c t l y  dependent on the  discharge a c t i v i t y  (a l though 
i t  does depend on the  condi t ion of the g e t t e r i n g  sur faces  r e s u l t i n g  from 
ion  bombardment spu t t e r ing )  and i s  r e l a t i v e l y  independent of pressure  i n  
t h e  UHV range. 
charge a c t i v i t y  wi th in  t h e  pump which, i n  t u r n ,  v a r i e s  with pressure  i n  
the  UHV range. 

The second process  ( ion  pumping) i s  dependent on the  d i s -  

Since a ge t t e r - ion  pump i s  b a s i c a l l y  an a r r a y  of Penning c e l l s  (with 
g e t t e r i n g  ma te r i a l  on t h e  cathodes) ,  t h e  discharge phenomenon fol lows the  
c h a r a c t e r i s t i c  Penning discharge behavior. This type of discharge forms 
a v i r tua l  cathode (Ref. 1) ( a  dense e lec t ron  cloud)  between t h e  end p l a t e s  of 
t he  c e l l  when opera t ing  i n  the  high vacuum range (above t o r r ) .  How- 
ever ,  i f  t h P  press1x-e is lei.vei-.ed, a range i s  reached i n  which t h e  v i r t u a l  
cathode i s  not  sus ta ined .  The c h a r a c t e r i s t i c s  of t h e  Penning discharge 
i n  t h i s  pressure  range t o r r )  have not  been we l l  known, and, t he re -  
f o r e ,  t h e  p o t e n t i a l i t i e s  and l imi t a t ions  of t h i s  phenomenon have not  been 
w e l l  e s t ab l i shed .  
research program, and s u b s t a n t i a l  i n s igh t s  i n t o  t h e  pumping mechanisms and 
l i m i t a t i o n s  of ge t t e r - ion  pumps have been gained. 

These c h a r a c t e r i s t i c s  were inves t iga t ed  during t h i s  

Diffusion Pumping 

The pumping e f f e c t  of t he  d i f fus ion  pump i s  based on a t r a n s f e r  of 
momentum from the  expanding j e t  (1) t o  incoming molecules from a vacuum 
chamber, and ( 2 )  t o  gas molecules which a r e  back-diffusing through the  j e t  
region i n t o  t h e  vacuum chamber. The vector  sense of t h e  momentum t r a n s f e r  
i s  such t h a t  the  d i r ec t ion  of gas f l o w  i s  es tab l i shed  away from the  vacuum 
chamber . 

The f i r s t  process ,  which amounts t o  molecule entrainment by the  vapor 
j e t ,  determines t h e  pumping speed. The c r i t i c a l  parameter i n  t h i s  operat ion 
i s  the  degree of uniformity wi th  which momentum i s  t r ans fe r r ed  from the  
vapor j e t  t o  incoming gas molecules. This i s  p a r t i c u l a r l y  t r u e  a t  t h e  
upper boundary of t h e  j e t  where t h e  incoming gas f i r s t  encounters t h e  vapor 
stream. If t h e r e  i s  turbulence a t  t h i s  boundary, s i g n i f i c a n t  amounts of 
gas can be r epe l l ed  back i n t o  t h e  vacuum chamber. The amount of such t u r -  
bulence i s  a funct ion of nozzle design and vapor dens i ty ,  i . e . ,  lower 
dens i ty  j e t s  generate  l e s s  turbulence.  
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The second process, back diffusion, determines the pressure drop 
which can be maintained across the vapor jet. Back-diffusion reduction is 
highly dependent on jet vapor density, i.e., higher-density jets can main- 
tain a greater pressure differential than low density jets. 

A dilemma arises when back diffusion is reduced by increasing boiler 
pressure, because the corresponding increase of turbulence in the vapor jet 
reduces the ability to entrain gases. It has been postulated that a dual 
expansion nozzle would aid in resolving the dilemma (Refs. 2 and 3). 
nozzle should generate a high-density main jet surrounded by a low-density 
umbrella jet. Therefore, one of the purposes of the present work has been 
to determine the relative pimping efficiency of a dual expansion nozzle 
versus a single expansion nozzle. 

Such a 

Independent Verification of Low-Pressure Measurement 

Pressure is defined as the force per unit area exerted on a surface. 
In the field of vacuum measurement, pressure can be measured directly 
down to a level of approximately torr. Below this level no practical 
direct pressure measurement techniques exist and molecular densities are 
generally measured to determine the degree of evacuation. Therefore, cali- 
bration procedures have been developed which are not based on direct pres- 
sere measurements, but rather on physical-system processes. 

One such process is used in the pressure-ratio technique, in which 
two gauges are mounted in separate vacuum chambers and connected via a 
known conductance. A test gas is introduced into one of the chambers 
and is permitted to flow through the conductor between the chamber into 
the second chamber, and then pumped out of the system. This flow condition 
establishes a pressure differential between the chambers. It can be argued 
that the upstream pressure is related to the downstream pressure via the 
f l o w  conditions. Therefore, calibration of gauges should be extendable 
from a direct-pressure measurement range to molecular-density measurement 
ranges via a system of sequential pressure ratio experiments. However, 
vacuum gauges are subject to various spurious effects such as photo-generated 
background currents, changes in sensitivity with molecular densities and 
gas species, ion desorption, and other effects depending on the operational 
history of a particular gauge. Since all these effects can bias a vacuum 
gauge measurement, it is desirable to establish a method which is independent 
of vacuum gauges to verify molecular-density measurements. 

A way in which molecular densities can be determined directly is by 
determining the molecular striking rate per unit area on the surfaces of 
a vacuum system. One technique to determine this striking rate is to 
observe the image patterns Of an electron field emission microscope (FEM). 
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During t h i s  program we have attempted t o  c o r r e l a t e  t h e  spot  p a t t e r n  of t h e  
FEM t o  pressures  i n  the  lod9  t o r r  range, thus  providing increased conf i -  
dence i n  such c a l i b r a t i o n  techniques a s  t h e  p re s su re - r a t io  technique des- 
c r ibed  above. 

Gauge Cal ibra t ion  

I n  the  p re sen t  s t a t e  of t he  a r t  i n  v a c c m  technology it i s  poss ib l e  
t o  produce pressures  a t  l e v e l s  below the  ope ra t iona l  l i m i t s  of ava i l ab le  
vacuum gauges. 
ope ra t iona l  l i m i t ,  i t  i s  of prime importance t o  e s t a b l i s h  t h e i r  respec t ive  
ope ra t iona l  l i m i t s  and t h e i r  response c h a r a c t e r i s t i c s  ( i o n  cu r ren t  vs .  
p re s su re ) .  
t o  t h r e e  commercial gauges which employ Penning type discharges.  
work we have co r re l a t ed  t h e  experimental and t h e o r e t i c a l  aspec ts  of the  
Penning discharge.  

Since gauges a r e  now required t o  funct ion near  t h e i r  

We have appl ied the  p re s su re - r a t io  technique descr ibed above 
I n  t h i s  

11. PUMPING TECHNIQUES FOR UHV APPLICATION INCLUDING CRYOPUMPING, 
GETTER-ION PUMPING, AND DIFFUSION PUMPING 

Three UHV pumping techniques,  cryogenic, g e t t e r - i o n ,  and d i f fus ion ,  
have been inves t iga t ed  by both t h e o r e t i c a l  and empir ica l  s tud ie s .  These 
s t u d i e s  have included; the  development of an adsorpt ion isotherm theory f o r  
phys i ca l  adsorpt ion on cryogenical ly  cooled sur faces ,  the  measurement of 
s e l ec t ed  gross  cryopumping capac i t i e s ,  an inves t iga t ion  of t h e  r e s i d u a l  
gases i n  both  a cryopumped and ge t te r - ion  pumped system, an inves t iga t ion  
of Penning discharge phenomena as  a funct ion of pressure  and appl ied vol-  
tage ,  an inves t iga t ion  of t he  e f f e c t  of Penning type discharge a c t i v i t y  on 
t h e  pumping of var ious gas spec ies ,  and the  inves t iga t ion  of dual-expansion 
nozzle  f o r  use i n  d i f fus ion  pumps. 

A.  Cryosorption Studies  Including Gross Cryopumping Capacity Data and 
Residual Gas Analysis 

The t r i a n g u l a r  s i t e  phys ica l  adsorption isotherm theory developed on 
t h i s  program e a r l i e r  (Refs. 3, 4 and 5) has been s impl i f ied  by an approxima- 
t i o n  which has r e su l t ed  i n  reducing the computer t ime needed i n  f i t t i n g  t h e  
t h e o r e t i c a l  curves t o  adsorpt ion data .  The s tudy includes t h e  development of 
a s p e c i a l  p i ezoe lec t r i c  c r y s t a l  o s c i l l a t o r  which i s  used a s  a s e n s i t i v e  
microbalance and t h e  experimental techniques employed. The da ta  which have 
been c o l l e c t e d  with t h e  p i ezoe lec t r i c  c r y s t a l  a r e  d i f f i c u l t  t o  i n t e r p r e t  
because t h e  c r y s t a l  response does not  d i sp l ay  a c l e a r  r e l a t ionsh ip  t o  system 
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Pressure .  
s equen t i a l  adsorption of d i s c r e t e  q u a n t i t i e s  of gas has been used t o  ob ta in  
gross  cryopumping capac i ty  da t a  f o r  He and H2 on s t a i n l e s s  s t e e l  (Type 304) 
cryopanels.  

However, a second technique, (Sec t ion  11-A-3)  which employs the  

1. Physical  adsorpt ion isotherm theory: Although t h e  phys ica l  
adsorpt ion isotherm theory developed e a r l i e r  3,5/ has many use fu l  f e a t u r e s ,  
i t  i s  not  convenient t o  use i n  i n t e r p r e t i n g  experimental  da ta .  Therefore,  
t h e  theory  was modified i n  t h a t  an assumption was made t h a t  a t  most two 
l aye r s  a r e  ac t ive  a t  any t ime. Both the  t r i a n g u l a r  s i t e  model, as  shown 
i n  Figure 1, and t h e  i n t e r a c t i o n  between absorbed molecules were r e t a ined .  
For completeness, t he  t h e o r e t i c a l  isotherm equations have been spec ia l i zed  
t o  t h e  Lennard-Jones 6-12 intermolecular  p o t e n t i a l  and c l o s e s t  packing of 
t he  adsorbed atoms ( i n  previous nota t ion  t h i s  i n f e r s  t h a t  R' = R ) .  
Development of the  isotherm i s  b r i e f l y  summarized below. 

Let the intermolecular  p o t e n t i a l  between two adsorbed atoms be given 
by 

where r i s  t h e  d is tance  between the  molecules, i s  the  maximum energy 
of a t t r a c t i o n  of t he  two atoms, and 
between the atoms as  shown i n  Figure 2.  A l l  energies  w i l l  a c t u a l l y  be  
divided by the  Boltzmann's constant  and expressed as degrees Kelvin. Equation 
(1) can be in t eg ra t ed  over t h e  var ious l a y e r s  t o  give e f f e c t i v e  i n t e r a c t i o n  
energies  which exclude t h e  nea res t  neighbor i n t e r a c t i o n s :  

R = 21/6a i s  t h e  equi l ibr ium d i s t ance  

where the  values  of r t o  be used ( s e e  Figure 2) a r e  given by 

L 
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a = 0.81649 R , a j  = ( j - l > a  , 

The neares t  neighbor i n t e r a c t i o n  energy i s  simply E p e r  p a i r  i n t e r a c t i o n .  

The in t e rac t ion  between an adsorbed atom and t h e  adsorbent i s  t r e a t e d  
a s  above with t h e  energy f o r  an atom i n  the  f i r s t  l a y e r  being given by 

where No i s  t he  number of adsorbent atoms pe r  u n i t  volume and E~ , os 
a r e  analogous t o  E , 0 , respec t ive ly .  For t h e  jth l a y e r  t h i s  energy 
becomes 

, d j  = aj/D . (5) 

Using O j  f o r  t h e  f r a c t i o n a l  occupancy of t he  jth l a y e r ,  t he  e f f ec -  
t i v e  adsorption energy, E j  , can be w r i t t e n  as 

e 
r I j + l  p2 

38 
i s  a p r o b a b i l i t y  func t ion  - where f j  = 1 - 6 j  , P j  - j -1  7 Po = 3e1 3 

J 

f o r  determining t h e  likelihood of nea res t  neighbors and 
of t h e  top l a y e r .  

j i s  the  number 
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Let 

where K = 0.0256054 , M i s  the  atomic mass of an adsorbed atom, T i s  
t h e  absolu te  temperature, and p i s  t h e  gas pressure  i n  t o r r .  The 
isotherm can then be ca l cu la t ed  by i t e r a t i n g  the  j func t ions  

and summing over j t o  give the  t o t a l  number of adsorbed monolayers, 8 . 

The above equations y i e l d  isotherms which rRn e x h i b i t  dLscr-eke s t eps  
nr can  be y-uiie smooth (Ref.  5 ) .  However, t he  equations a r e  complicated 
and n e c e s s i t a t e  long computer times f o r  t h e i r  eva lua t ion .  An approximation 
which r e t a i n s  t h e  e s s e n t i a l s  of  t h e  theory but  needs only shor t  computer 
times i s  t h e  two-active l a y e r  approximation ( t h e  TAL theory) .  
theory s e t s  a l l  N values of e j  g rea te r  than,  say,  0.99 equal  t o  1 
exac t ly  and assumes t h a t  t he re  a r e  only two l a y e r s ,  t he  N + 1  and t h e  N+2 
l a y e r s ,  which have 8,j values  between 0 and 1 . The exact theory then 

The TAL 

reduces t o  a much simpler 

v N + 1  = ws , N + 1  

- 
'N+2 - 's,N+2 

system. L e t  

N 

i =1 
+ 2 z ( a j - a i )  + 3e , 

then t h e  TAL theory i s  given by Eq. (8) f o r  j = N + 1  and N+2 and the  
coverage and e f f e c t i v e  adsorpt ion energies 

9 

(9) 

L 



This TAL theory s t i l l  produces e i t h e r  t h e  d i s c r e t e  s t eps  o r  smooth 
isotherms depending on temperature,  Ws , E , and 8 . 

Because the  TAL theory requi res  a shor t  computation time i t  was 
employed t o  develop a s e r i e s  of coverage-vs-pressure curves f o r  var ious  
temperatures, Ws , and D values .  These curves were made t o  f i t  t he  
prel iminary da ta  obtained with the  microbalance technique (11-A-2) . 
Although the i n i t i a l  da ta  were not as  expected, t he  b e s t  f i t  suggested t h a t  
a c r y s t a l  temperature near  1 2 ° K  was l i m i t i n g  t h e  da t a  c o l l e c t i o n  and t h a t  
t h e  low Ws value could only r e s u l t  from a contaminated sur face .  However, 
improved experimental techniques d id  not produce i n t e r p r e t a b l e  da t a .  The 
theory can b e  appl ied bes t  when the  experimental d a t a  show a s t e p  o r  
s e r i e s  of s teps  i n  coverage a t  def inable  pressures .  

2.  P i ezoe lec t r i c  c r y s t a l  employed f o r  s e n s i t i v e  adsorption 
measurement: A s p e c i a l  p i ezoe lec t r i c  c r y s t a l  o s c i l l a t o r  was developed 
f o r  use  as a microbalance t o  measure the  progress ive  loading of adsorbed 
l aye r s  as t he  pressure  was gradual ly  increased .  The t o t a l  p ressure  and 
the  c r y s t a l ' s  v i b r a t i o n a l  frequency, which should decrease i n  proport ion 
t o  t h e  amount of  adsorbed ma te r i a l ,  were monitored during a s e r i e s  of 
experiments. However, no s a t i s f a c t o r y  r e l a t i o n s h i p  could be deduced 
between the system pressure  and t h e  c r y s t a l  frequency s h i f t s .  Therefore,  
another technique which was developed t o  c o l l e c t  gross  cryopumping da ta  
f o r  He and H2 on type 304 s t a i n l e s s  s t e e l  i s  discussed i n  Sect ion 1 1 - A - 3 .  

The equipment needed t o  perform an adsorpt ion isotherm measurement 
v i a  t h e  p i ezoe lec t r i c  c r y s t a l  technique i s  descr ibed here  under two major 
ca tegor ies :  ( a )  environmental, and (b)  e l e c t r o n i c .  

( a) The environmental equipment requirements a r e  determined by 
the  following opera t iona l  condi t ions:  (1) t h e  quartz  c r y s t a l  sur faces  
and i t s  e lec t rodes  must be maintained i n  a noncontaminating atmosphere, 
v i z . ,  u l t rah igh  vacuum; ( 2 )  the  c r y s t a l  must be maintained a t  a constant  
temperature, t he  l e v e l  of which i s  e s t ab l i shed  f o r  t he  isotherm t o  be 
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determined, and (3) an adequate source of t e s t  gas must be suppl ied f o r  t he  
range of adsorpt ion phenomena t o  be s tudied.  

A UHV system incorpora t ing  the  above requirement has been 
f ab r i ca t ed .  
20 i n .  long) ,  a s p e c i a l l y  designed coaxia l  vacuum feedthrough u n i t  t o  
which t h e  quartz  c r y s t a l  i s  a t tached ,  gas i n l e t  system and assoc ia ted  
vacuum plumbing. This system i s  attached t o  t h e  P a r t i a l  Pressure  Analyzer 
System (PPAS) (Ref. 3) v i a  a bakeable high conductance i s o l a t i o n  valve.  
Both t h e  UHV pumping f a c i l i t i e s  of the PPAS and i t s  gas ana lys i s  capabi l -  
i t i e s  a r e  u t i l i z e d .  The e n t i r e  system i s  bakeable t o  4OO0C and can main- 
t a i n  a pressure  of 1 x 
pump operat ing.  Analysis of t h e  r e s idua l  gas i n  t h i s  system ind ica t e s  
t h a t  H2 and CO a r e  the  major cons t i t uen t s  and t h a t  a l l  o the r  gases have 
p a r t i a l  p ressures  below 1 x t o r r .  

The system c o n s i s t s  of a c r y s t a l  chamber ( l - l / 2  i n .  diameter by 

t o r r  with only the  8 l i t e r / s e c  ge t t e r - ion  

The temperature of t he  c r y s t a l  i s  es tab l i shed  by submerging t h e  
cryst8.1 rone ( t h e  l c w r  12 l i i .  or̂  t ne  c r y s t a l  chamber) i n t o  a dewar of 
l i q u i d  helium. To avoid excessive boi l -of f  of the  cryogenic l i q u i d ,  t he  
lower end of t h e  c r y s t a l  chamber i s  f ab r i ca t ed  from g la s s  ( s e e  Figure 3). 
The dewar mounting i s  such t h a t  a mechanical vacuum pump can be used t o  
vary t h e  pressure  above the  cryogenic l i q u i d  thus making some temperature 
var iance  poss ib l e .  

The quartz  c r y s t a l  can be  mounted d i r e c t l y  a t  t he  end of two 
s p e c i a l l y  designed coaxia l  l eads  a s  shown i n  Figure 4,  o r  by means of two 
kovar support  rods a s  shown i n  Figure 5. The coaxia l  l eads  a r e  f ab r i ca t ed  
from th in -wa l l  s t a i n l e s s  s t e e l  tubing with ceramic i n s u l a t o r s  a t  var ious 
p o s i t i o n s  along t h e i r  22-in. length.  Outgassing s l o t s  have been c u t  i n  
both  t h e  outer  and inner  tubes.  

Figure 4b shows i n  d e t a i l  the lower end of t he  coax ia l  l eads .  
A p la t form i s  f ixed  between the  outer  tubes and supports a system of care-  
f u l l y  pos i t ioned  beryl l ium copper leaf  spr ings which p res s  aga ins t  t h e  , 

t ubu la r  w a l l  of t h e  vacuum chamber. The spr ings  a r e  arranged i n  a s p i r a l  
s t a i r c a s e  configurat ion such t h a t  t h e  a r r ay  i s  o p t i c a l l y  dense, but main- 
t a i n s  a high conductance value f o r  gas flow. 
func t ions :  i t  sh ie lds  t h e  c r y s t a l  chamber from rad ia t ion  from the  warmer 
p a r t s  of t he  vacuum system, and it  conducts hea t  from the  c o a x i a l  l eads  t o  
t h e  c ryogenica l ly  cooled vacuum f inge r  w a l l .  The cryogenic l i q u i d  l e v e l  i s  
maintained a t  a po in t  a t  l e a s t  2 i n .  above t h e  spr ing assembly during da ta  
c o l l e c t i o n  per iods .  Thus, i n  operat ion t h e  c r y s t a l  i s  surrounded by co ld  
sur faces .  Note t h e  c r y s t a l  does not cool as r ap id ly  as  t h e  vacuum vesse l  
walls which a r e  i n  d i r e c t  contac t  wi th  cryogenic f l u i d s .  Therefore,  when 
LHe i s  used, contaminating gases a r e  trapped on t h e  vacuum chamber walls 
before  t h e  c r y s t a l  can begin s ign i f i can t  adsorpt ion.  

This assembly performs two 
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F i W e  3 - Glass Cryofinger Used t o  House P i e z o e l e c t r i c  C r y s t a l  (Microbalance) 
w r i n g  Adsorption Experiments. The lower end of t h e  c r y o f i n g e r  i s  submerged 
i n t o  a dewar of l i q u i d  helium (LHe) du r ing  an experiment and it i s  evacuated 
v i a  t h e  s t a i n l e s s  s t e e l  vacuum manifold a t  t h e  top  of t h e  photograph. 
vacuum gauges used t o  monitor p r e s s u r e  a r e  a t t ached  t o  t h e  manifold dur ing  an 
adsorp t ion  run. 

The 
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Figure 5 - Modified Quartz Crys t a l  Mounting Technique. To insu re  lower 
c r y s t a l  temperature t h e  g l a s s  c ryof inger  i s  submerged i n t o  

a dewar of l i q u i d  helium (LHe). The Kovar b a r s  which 
pene t r a t e  t h e  g l a s s  w a l l  a r e  i n  d i r e c t  c o n t a c t ' w i t h  t h e  LHe. 
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Chronologically the  c r y s t a l  was f i r s t  mounted as descr ibed i n  
Figure 4. However, a s  da t a  were co l l ec t ed  it became apparent that  t h e  
c r y s t a l  was not responding as  expected t o  helium gas pressure  changes. 
Comparison of t h e  da t a  t o  t h e o r e t i c a l  p red ic t ions  ind ica ted  t h a t  t he  c r y s t a l  
was not  a t  4.2"K, but  poss ib ly  as  high a s  12OK. Therefore,  t he  second 
method of c r y s t a l  mounting, see Figure 5, was used f o r  l a t e r  experiments. 
The second method employs c r y s t a l  mounting rods which pene t r a t e  t h e  g l a s s  
wa l l  of  t h e  vacuum chamber and thus  provide improved thermal contac t  
between t h e  LHe and t h e  c r y s t a l .  E l e c t r i c a l  connections a r e  completed 
between t h e  kovar mounting rods and the coax ia l  assembly descr ibed above 
via 0.010 in .  diameter Nb-Zr  wire.  This wire  becomes superconducting a t  - 13°K and has poor thermal conduct ivi ty .  

When t h e  vacuum f i n g e r  i s  cooled t o  LHe temperature and the  i s o l a -  
t i o n  valve i s  c losed thus el iminat ing a l l  pumps from t h e  system except f o r  
t he  ion  gauge and cryof inger ,  t he  ai r -equivalent  pressure  i n  t h e  room tempera- 
t u r e  p a r t  of t h e  system i s  1 x 10-l" t o r r  o r  lower. 
p i r a t i o n  co r rec t ion  it  i s  determined khat .  the p~ecnure i n  t h e  c r y s t a i  zone 
i s  below 1 x lovii t o r r .  
s u f f i c i e n t l y  low t o  present  no s ign i f i can t  e f f e c t  on the  adsorpt ion measure- 
ment. Af t e r  an equi l ibr ium condi t ion i s  e s t ab l i shed  f o r  pressure ,  tempera- 
t u r e ,  and c r y s t a l  frequency, a t e s t  gas i s  admitted t o  the  c r y s t a l  chamber. 
Since th i s  s tudy dea l s  with the  adsorption of helium onto l i q u i d  helium 
temperature sur faces ,  a 6-in.  vycor d i f f u s e r  i s  used f o r  the  gas i n l e t  
system. The pressure  can be slowly ra i sed  i n  t h e  system by gradual ly  
inc reas ing  t h e  d i f f u s e r  operat ion up t o  a maximum l e v e l  of 0 . 1  micron 
l i t e r / s e c .  

Using a thermal t r ans -  

This pressure l e v e l  f o r  contaminating gases i s  

(b )  The e l ec t ron ic  equipment requirements a r e  determined by the  
following needs: (1) a 5 Me o s c i l l a t o r  system wi th  which t o  opera te  t h e  
microbalance, and (2) a da t a  de tec t ion  and recording system. 

A s t a b l e  5 Me o s c i l l a t o r  system has been reported by P .  A. Simpson 
and A. H. Morgan (Ref.  6 ) .  Based on t h e i r  design a s imi la r  system was 
assembled f o r  t h i s  s e t  of experiments and a schematic diagram i s  shown i n  
Figure 6 .  Care was taken i n  the  layout of components t o  sh i e ld  one s t age  
from another ,  a s  i s  shown by the  dashed l i n e s  i n  the  diagram. Bas i ca l ly  
the  system c o n s i s t s  of a 5 Me c r y s t a l  cont ro l led  o s c i l l a t o r  c i r c u i t  followed 
by a s i n g l e  s t age  ampl i f ie r  which de l ive r s  a s i g n a l  t o  an automatic gain 
c o n t r o l  c i r c u i t  (AGC) and t o  addi t iona l  ampl i f ie r  s tages .  The AGC suppl ies  
a feedback loop t o  t h e  5 Me o s c i l l a t o r  c i r c u i t .  
supply output  s igna l s  via a discr iminator  t o  a d i g i t a l  counter and a micro- 
amp meter.  
fundamental mode of t he  c r y s t a l .  
be found i n  R e f .  6.  

The add i t iona l  s t ages  

The meter i s  used t o  monitor t he  power required t o  opera te  t h e  
A de t a i l ed  ana lys i s  of t h i s  c i r c u i t  can 

15 



N 
t- 

- I  4r * I  

n n T 0 1  m 

' I  I I '  

In 
Y 

W 
a 

In 
Y 

W 
a 

4vVv 
Y Lo 4 I  I 

i t  

16 



The 5 Me c r y s t a l s  used i n  t h i s  s tudy were obtained from AT c u t s  
of synthe t ic  quar tz  and have a 0.550 i n .  diameter.  The edges of t h e  c r y s t a l  
have a s l i g h t  20 d iop te r  biconvex bevel. Figure 4 d isp lays  a t y p i c a l  
c r y s t a l  mounted on the  ends of t he  spec ia l ly  f ab r i ca t ed  coax ia l  l eads .  An 
e lec t rode  i s  deposi ted on each s ide  o f  t he  c r y s t a l  and each e lec t rode  i s  
connected t o  one of t h e  coax ia l  leads v i a  a spr ing  c l i p  u n i t .  It has been 
determined t h a t  t he  c r y s t a l s  and the  mounting u n i t s  cont inue t o  func t ion  
r e l i a b l y  a f t e r  repeated exposures t o  the  temperature extremes of t he  
experiment, v i z . ,  4 ° K  t o  673°K. S i lver  and aluminum have been used as 
e lec t rode  ma te r i a l s .  However, t h e  s i l v e r  e lec t rodes  a r e  not  s a t i s f a c t o r y  
because e l e c t r i c a l  con t inu i ty  i s  l o s t  during i n i t i a l  operat ion.  
been determined t h a t  t h e  f a i l u r e  occurs between t h e  c l i p s  holding t h e  
c r y s t a l s  and t h e  main body of the  electrode.  

It has 

Aluminum e lec t rodes  have been t e s t e d  and found t o  be  s a t i s f a c t o r y  
throughout t h e  e n t i r e  opera t iona l  range of pressure  and temperature. 
should be  noted, however, t h a t  t h e  e f f o r t  on t h i s  study i s  not d i r ec t ed  
toward developing any p a r t i c u l e r  el ecf.rnC?e r ? , s t e r i ~ l  CY- geozeti-y. Tile u r i i y  
i n t e r e s t  i s  t o  determine the  value of t he  microbalance technique f o r  cryo- 
pane l  s tud ie s .  
e l ec t rodes  inc luding  s i l v e r .  

It 

It should be  poss ib le  t o  use many conducting mater ia l s  a s  

A summary of t h e  da t a  co l l ec t ion  and recording system i s  given 
by the  schematic diagram i n  Figure 7 .  The system pressure  i s  monitored 
by a Bayard-Alpert type gauge (BAG), i .e.,  a V a r i a n  W-12. Pressure  d a t a  
a r e  f e d  from t h e  gauge c o n t r o l  u n i t  t o  t he  y coordinate  of an x-y p l o t t e r .  
The frequency a t  which t h e  o s c i l l a t o r  i s  opera t ing  i s  monitored by a d i g i t a l  
counter  which feeds  frequency da ta  t o  a d ig i ta l - to-ana log  converter .  The 
conver te r  monitors t h e  l a s t  t h ree  s ign i f i can t  f i g u r e s  of the  incoming da ta  
and generates  a s i g n a l  which i s  then fed  t o  t h e  x coordinate  of t h e  x-y 
p l o t t e r  and t o  a s t r i p  c h a r t  recorder .  

Although t h e  above described e l e c t r o n i c  da ta  c o l l e c t i o n  system 
seemed t o  operate  properly,  the  da t a  were not  reproducible .  Even a f t e r  
improving the  environmental system by incorpora t ing  the  second c r y s t a l  
mounting technique ( s e e  Figure 5) ,  which provides  a more c e r t a i n  temperature 
condi t ion  f o r  t h e  c r y s t a l ,  it w a s  determined t h a t  no c l e a r  r e l a t ionsh ip  
could be deduced between the  system pressure and c r y s t a l  response.  There- 
fo re ,  an a l t e r n a t e  technique has been used t o  c o l l e c t  gross  cryopumping 
capac i ty  da t a  f o r  He and H2 on type 304 s t a i n l e s s  s t e e l .  

3. Technique t o  measure gross  cryopumping capac i t i e s :  A technique 
has been developed by which a known quant i ty  of a t e s t  gas can be pumped 
on t o  a cryopanel and t h e  equ i l ib r iumpressu re  of t he  t e s t  gas can be 
monitored a s  a func t ion  of cryopanel coverage. Thus gross  cryopumping 
capac i ty  da t a  can be obtained by da ta  p l o t s  of cryopanel coverage vs. 
equi l ibr ium pressure  above the  pane l .  

17 
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A s p e c i a l  LHe cryof inger  was fabr ica ted  from type 304 s t a i n l e s s  s t e e l  
and i s  shown diagrammatically i n  Figure 8. 
c ryof inger  i s  i n s e r t e d  i n t o  a dewar of LHe. 
c ryof inger  comes i n  contac t  with the LHe whereas t h e  upper po r t ion  i s  pro-  
t e c t e d  by a vacuum jacke t .  Thus, a f i xed  pumping a rea  can be maintained 
as  the  LHe l e v e l  r i s e s  and f a l l s  as  long as t h e  l e v e l  remains i n  contac t  
wi th  t h e  a u x i l i a r y  vacuum jacke t .  
been maintained i n  an as-supplied s t a t e ,  i . e . ,  no po l i sh ing  procedures 
have been used. 
a s  a func t ion  of pro jec ted  a rea ,  i .e . ,  no co r rec t ions  f o r  sur face  roughness 
were made. 

During an experiment t h i s  
The lower po r t ion  of t he  

The i n t e r n a l  sur face  of t h e  f i n g e r  has 

Therefore, da t a  co l lec ted  with t h e  ci*j-opmp were recorded 

The LHe cryopump i s  at tached t o  a UHV vacuum system as  shown i n  the  
block diagram, Figure 9 .  The t e s t  volume, inc luding  a UHV gauge and the  
c ryof inger  i s  at tached t o  a reference volume v i a  two pa ths ,  v i z . ,  a 1-112 
i n .  i s o l a t i o n  valve and 1-112 i n .  i s o l a t i o n  valve i n  s e r i e s  with a known 
conductance o r i f i c e  (0 .081 i n .  th ick  by 0.250 i n .  diameter) .  The con- 
ductance values  f o r  t h e  o r i f i c e  a t  room temperature a r e  7 .8  l i t e r s / s e c  f o r  
helium and 11.1 l i t e r s / s e c  f o r  hydrosen. 
from t h e  reference volume He and H2 a r e  admitted i n t o  t h e  reference volume 
via  a vycor d i f f u s e r  and a palladium d i f f u s e r ,  r e spec t ive ly .  
p ressure  analyzer  (PPA) (Ref .  3 ) ,  reference gauge, and UHV d i f fus ion  pumping 
s t a t i o n  a r e  a l s o  at tached t o  t h e  reference volume. During an opera t iona l  
cyc le  t h e  e n t i r e  system i s  baked t o  350" t o  400°C f o r  12 hr .  Following t h e  
cool  down and i s o l a t i o n  of t h e  t e s t  volume, t h e  background pressure  i s  - 2 x lo-' t o r r  i n  t h e  reference volume and N 4 x 10-l' t o r r  i n  t h e  t e s t  
volume. The t e s t  volume i s  pumped by only a nude ion iza t ion  gauge. A 
pressure  i n  t h e  10-6 t o r r  range of a t e s t  gas i s  e s t ab l i shed  i n  t h e  re ference  
volume by a c t i v a t i n g  one of t h e  diff'users and by pumping on t h e  system wi th  
t h e  d i f fus ion  pump s t a t i o n .  

J T t e r  isslating the  t e h t  vuiume 

A p a r t i a l  

The c ryof inger  can be  operated in  two modes ( a )  submerged d i r e c t l y  
i n  LHe and ( b )  i n su la t ed  from t h e  LHe by a Styrofoam cap and wrapped wi th  
a chrome1 hea t ing  element. The l a t t e r  mode i s  used t o  c o l l e c t  d a t a  on H2 
a t  a temperature o f N  20°K.  Measured q u a n t i t i e s  of gas can be admitted 
i n t o  t h e  t e s t  volume by opening t h e  valve which i s  i n  s e r i e s  with the  
o r i f i c e  C .  The quant i ty  of gas (Q) admitted i s  given by the  expression: 

Q = C(Pr-Pt)t 

where : 

C = conductance of o r i f i c e  
P, = pressure  i n  reference volume 
Pt = pressure  i n  t e s t  volume 
t = time t h e  t e s t  volume i s  exposed t o  t h e  reference volume 

via C 
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Figure 9 - Block Diagram of UHV System Used t o  Determine t h e  Gross 
Cryopmping Capacities or" Type 304 S t a i n l e s s  S tee l .  
Helium and hydrogen gas a re  admitted i n t o  t h e  system 
via a vycor and a palladium d i f f u s e r ,  respec t ive ly .  
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Following each admission of gas the  t e s t  chamber i s  i s o l a t e d  and t h e  
pressure  i s  monitored u n t i l  an equi l ibr ium condi t ion e x i s t s .  Then another 
charge of gas i s  admitted i n  a similar fash ion .  This procedure can be 
continued u n t i l  t h e  cryosurfaces  a r e  sa tu ra t ed .  

4 .  Cryopump operat ion and r e s i d u a l  gas ana lys i s :  Two s e t s  of da ta  
have been co l lec ted  which have es tab l i shed  some opera t ing  c h a r a c t e r i s t i c s  
f o r  t h e  spec ia l  LHe cryofinger  descr ibed i n  Sect ion 3. They a r e  (1) the  
determination of t h e  r e s idua l  gases present  i n  a LHe cryopumped UHV system, 
and ( 2 )  gross cryopumping capac i t i e s  f o r  helium and hydrogen on type 304 
s t a i n l e s s  s t e e l  a t  4.2"K and 18 - 21"K, r e spec t ive ly .  

Figure 10 d isp lays  a spectrum made when t h e  system was being pumped 
by an 8 l i t e r s / s e c  ge t t e r - ion  pump following a bake of 350°C f o r  12  h r .  
Although the pressure  i n  the  system i s  2 x t o r r ,  it i s  c l e a r  from t h e  
spectrum t h a t  t he re  i s  a s l i g h t  a i r  leak i n  the  system as  evidenced by 
the  pressure of a mass 32 peak and an excessively l a rge  mass 14 peak. How- 
ever ,  t he  a i r  cont r ibu t ion  t o  the  t o t a l  p ressure  i s  qu i t e  small  i n  com- 
par i son  t o  the  l i m i t i n g  r e s i d u a l  gases of monoatomic hydrogen and carbon 
monoxide. The HI, which i s  found i n  g rea t  abundance, i s  being generated 
from H2 i n  t h e  closed system by the  ge t t e r - ion  pump and hot  f i lament  
ion iza t ion  sources.  
system t o  a d i f fus ion  pump. The source of He (mass peak 4) i s  t he  g e t t e r  
ion pump which has been previously exposed t o  r e l a t i v e l y  l a rge  q u a n t i t i e s  
of helium. Normally helium i s  not  found i n  s i g n i f i c a n t  q u a n t i t i e s  i n  a 
metal  UHV system. The peaks marked Li', O f ,  Ff and C1'  a r e  not p a r t  of 
t h e  r e s idua l  gas spectrum but  a r e  sur face  genFrated ions (Refs.  4 and 7 ) .  
These ions a r e  produced a t  the  surfaces  o f  metal  p a r t s  i n  the  PPA ion source 
due t o  e lec t ron  bombardment. 

This condi t ion can be reversed r e a d i l y  by opening the  

Figure 11 disp lays  a spectrum which was made when t h e  system was 
being pumped by the  LHe cooled c ryof inger .  Note again t h e  presence of t h e  
sur face  generated ion  peaks which cannot be a t t r i b u t e d  t o  the  r e s i d u a l  gas.  
The t o t a l  p ressure  i n  t h e  system i s  - 6 x t o r r  which i s  es tab l i shed  
p r imar i ly  by H i ,  C O  and H20. It i s  somewhat unusual t o  have as  much 
water vapor i n  t h e  system as i s  shown i n  t h e  spectrum. This condi t ion 
ind ica t e s  t h a t  t he  system i s  s l i g h t l y  contaminated i n  s p i t e  of a 350°C 
bake f o r  12 h r .  Also note  t h a t  He i s  no longer de t ec t ab le  s ince  the  system 
has been i s o l a t e d  from t h e  ge t t e r - ion  pump. 

Table I compares the  ana lys i s  of t h e  spec t r a  f o r  both pumping condi t ions .  
The g rea t e s t  e f f e c t  on the  r e s i d u a l  gas components i n  the  system i s  t o  
H 1  and CO which a r e  reduced by f a c t o r s  of - 22 and - 57,  respec t ive ly .  
o the r  gas p a r t i a l  p ressures  change by a f a c t o r  o f -  2 t o  6 o r  a r e  l o s t  i n  ion  
de tec to r  noise .  

The 

The peaks which Occur a t  mass 26 ( s e e  Figures 10 and 11) 

22 



pT - 2 x TORR 

0 
X 
- 

0 1  
0 1  

I X i  

F+ 

0 
m 
X 

0 o+ 
0 - 

x o  
I m  

1 2  4 12 13 1415 17N 

m, 

I 
lAw 
20 22 

e 

0 
2 

CI+ 
0 
X 
- 

I I 
I 
I 
I 

, cl+ 

28 3032 40 44 

Figure 10 - Residual Gas Spectrum i n  UHV System P r i o r  t o  Act iva t ion  of LHe Cryopump. 

The presence of He (mass 4) i s  due p r imar i ly  from 
The spectrum i n d i c a t e s  t h a t  t h e  l imi t ing  gases i n  t h e  system a r e  H and CO ( m a s s  
peaks 1 and 28, r e s p e c t i v e l y ) .  
desorption wi th in  t h e  8 l i t e r / s e c  g e t t e r  ion-pump which had been previous ly  
exposed t o  cons iderable  q u a n t i t i e s  of helium. 
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Figure 11 - Residual Gas Spectrum i n  UHV System Af ter  Act iva t ion  of LHe Cryopump. 
The system has been i s o l a t e d  from t h e  8 l i t e r / s e c  g e t t e r - i o n  pump f o r  t h i s  
spectrum. The l i m i t i n g  gases i n  t h e  system a r e  H and CO. 
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TABLE 1 

COMPARISON OF THE BSIDUAL GAS PRESENT IN A UHV SYSTEM 
FOR TWO METHODS OF EVACUATION 

Getter-Ion Pump 

H1 

H2 

He 

CH4 

%O 

Mass 26 

co 

N2 

O2 

Ar 

co2 

Tota l  

7.4 x 10-10 

1.5 x 10-l’ 

1.4 x 

3.0 x 

1.4 x 

1.4 x 

6.3 x 

2.4 x 

- 1 x 10-13 
1.8 x 

2.4 x 

2.0 10-9 

LHe Cryopump 
(Ty-pe 304 stainless steel) 

3.4 x 10-11 

2.5 x 

- 

5.8 x 

- 4 10-13 

1.1 x 10-11 

8.3 x 

- 1 10-13 

2.3 x 
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a r e  due t o  an unresolvable  hydrocarbon group. It i s  not c l e a r  why t h e  C02 
peak does no t  respond s i g n i f i c a n t l y  to  t h e  mode change i n  pumping unless  
t h e  source f o r  COP i s  wi th in  t h e  analyzer i t s e l f .  Since the  PPA ion  source 
i s  connected t o  t h e  system v i a  a 1 - i n .  diameter by 5- in .  long tubu la t ion ,  
t he  pumping speed f o r  gas generated within t h e  PPA would be conductance 
l imi t ed .  
f o r  t h e  s teady background of C02 observed i n  t h e  system. 

A C02 generat ion r a t e  of - 1 x t o r r  l i t e r s / s e c  could account 

Figures  12 and 13 d i sp lay  the  data  c o l l e c t e d  f o r  t h e  gross  cryopumping 
capac i ty  of type 304 s t a i n l e s s  s t e e l  f o r  He and H2 a t  4.2'K and 18 - 21'K, 
r e spec t ive ly .  The da ta  presented i n  these  curves have been normalized t o  
t h e  a c t i v e  geometrical  sur face  a rea  of t h e  c ryof inger .  If it i s  assumed 
t h a t  t h e r e  a r e  - 2.4 x 
adsorpt ion sites/cm2 f o r  H2 on a metal  su r f ace  (Ref. 8 ) ,  then one monolayer 
of gas would correspond t o  - 7 x t o r r  l i t e rs /cm2 of He o r  N 4 x 10-5 
t o r r  l i t e rs /cm2 of H2. These values  agree wi th  t h e  f l a t  po r t ions  of bo th  
curves i f  a sur face  roughness f a c t o r  o f -  1.5 i s  assumed. Based on t h e  
lhove assx~pti~ns, the  m p i 6  iiici-ease i r i  p ressure  begins a t  approximately 
1/2 monolayer coverage. 

15 adsorption sites/cm2 f o r  He and 1.5 x 10 

B. Getter-Ion Pumping Including a Study of t he  Charac t e r i s t i c s  of Penning 
Discharge Phenomena 

Vacuum pumps and gauges which employ a pressure  dependent gaseous 
discharge of t he  Penning type have been analyzed. 
c h a r a c t e r i s t i c s  a r e  described below. De ta i l s  which a r e  presented include 
a d iscuss ion  of t h e  co l l apse  of t he  c e n t r a l  e l ec t ron  cloud, an explanat ion 
of t h e  upper and lower modes of the  discharge,  and a desc r ip t ion  of pumping 
speed changes and s e n s i t i v i t y  va r i a t ions .  The experiments with pumps have 
a l s o  provided da ta  f o r  determination of t he  r e s i d u a l  gases present  i n  an 
u l t r a h i g h  vacuum s t a i n l e s s  s t e e l  system us ing  t h e  ge t t e r - ion  pumping tech-  
nique. 

Their opera t iona l  

1. A study of ge t t e r - ion  pump operation: A s e r i e s  of exper5ments 
has been conducted t o  determine t h e  e f f ec t  of  t h e  cathode t o  anode vol tage  
on the  pumping speed of a ge t t e r - ion  pump. The pump used i n  these  s t u d i e s  
was a Varian 8 l i t e r s / s e c  diode pump cons i s t ing  of 36 square c e l l s , 1 / 2  in .  
by 1/2 i n .  
The r e s i d u a l  gases  present  i n  t h e  system were determined by means of a 
General E l e c t r i c  Model 514 p a r t i a l  pressure analyzer ,  PPA. A da t a  p l o t  
d i sp l ay ing  t h e  r e l a t i v e  changes i n  the r e s i d u a l  gas composition vs. t h e  
appl ied vol tage  i s  given. 

The cathode t o  anode vol tage w a s  var ied  from 600 t o  7,700 v. 
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Figure 12 - Gross Cryopumping Capacity Data f o r  H e l i u m  Adsorbed on 
Type 304 S t a i n l e s s  S t e e l .  The temperature of t he  

c ryof inger  was maintained a t  4.2'K. 
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Figure 13 - Gross Cryopumping Capacity Data f o r  Hydrogen Adsorbed on 
Type 304 S ta in l e s s  S t e e l .  The temperature of t h e  

Cryofinger was maintained between 18 - 21'K. 
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The 8 l i t e r s / s e c  ge t t e r - ion  pump w a s  mounted on t h e  p a r t i a l  p ressure  
analyzer system (PPAS) wi th  a l i n e  of s igh t  pa th  between t h e  analyzer  ion  
source and the ge t t e r - ion  pump anode. 
pump was baked t o  350°C. 
i on iza t ion  gauge by e lec t ron  bombardment, t he  ge t t e r - ion  pump w a s  ac t iva ted .  
We experienced d i f f i c u l t y  i n  s t a r t i n g  the  ge t t e r - ion  pump below t o r r  
u n t i l  a t  l e a s t  4,000 v.  w a s  appl ied t o  the  anode. Af te r  t he  pump was 
operat ing and t h e  UHV system was i s o l a t e d  from t h e  a u x i l i a r y  d i f fus ion  
pumped bake out  system the  u l t ima te  pressure  a t t a i n e d  by the  system was 
N 8 x t o r r .  

The system inc luding  the  ge t t e r - ion  
Following degassing of t he  analyzer  and the  

To ta l  pressure i n  the  g e t t e r - i o n  pump system was measured as  a func t ion  
of var ious cathode t o  anode vol tage  values ( see  Figure 14, Curve A). 
i s  i n t e r e s t i n g  t o  note  t h e  sharp increase  i n  pressure  (decrease i n  pumping 
speed) f o r  voltage values below 1,000, corresponding t o  a decay of the  
discharge a c t i v i t y  i n  t h e  ge t t e r - ion  pump. The l a s t  s e t  of da t a  was recorded 
f o r  a 600-v. s e t t i n g .  Pump vol tage  was then reduced t o  zero.  The back- 
ground pressure r e s u l t i n g  from the  pumping ac t ion  of t h e  ion iza t ion  gauge 
and t h e  analyzer was determined t o  be 4.2 x 10-l' t o r r .  

It 

A study of  t h e  r e s idua l  gases i n  a ge t t e r - ion  pump system was con- 
ducted f o r  various pump vol tages .  A t y p i c a l  r e s i d u a l  gas spectrum i s  shown 
i n  Figure 15. This curve was recorded a t  a pressure  of N 8 x t o r r  
while using 3,000 v. on the  g e t t e r  ion  pump anode. The r e s i d u a l  gases 
c o n s i s t  pr imari ly  of C O Y  H, and H2 with l e s s e r  amounts of C H q ,  H20, A r ,  COP 
and He. The peaks a t  mass numbers 16, 19, 35 and 37 have been shown (Refs. 
4 and 7 )  t o  be recordings of sur face  generated ion fragments r e s u l t i n g  
from e lec t ron  bombardment of adsorbed molecules on metal  p a r t s  of t h e  
analyzer .  

A background cur ren t  of - 1 t o  2 microamperes was measured i n  the  
g e t t e r  ion  pump f o r  t he  higher  vol tage s e t t i n g s .  Under the  assumption 
t h a t  t h i s  current  was due t o  f i e l d  emission, a 10,000 v .  AC s i g n a l  was 
appl ied t o  t h e  pump f o r  10 see .  Such a high vol tage appl ica t ion  should 
des t roy  f i e l d  emit t ing t i p s .  Following t h i s  t reatment  t he  background 
cu r ren t  was < 0 . 1  microampere wi th  an anode vol tage of 7,700 v. Thus, t h e  
reduct ion by over an order  of magnitude of t h e  background cur ren t  supports 
t he  f i e l d  emission hypothesis.  

During t h e  high vol tage  appl ica t ion  j u s t  descr ibed it was necessary 
t o  open the analyzer  system t o  an a u x i l i a r y  d i f f u s i o n  pump, because of the  
increased gas load. Although the  pressure  i n  t h e  system was subsequently 
reduced, the inne r  wal l s  were contaminated by some atmospheric gases .  
Figure 16  i s  a p a r t i a l  p ressure  spectrum taken a f t e r  t he  high vol tage 
treatment and a f t e r  the  system had returned t o  a s t a b l e  low pressure .  The 
getter-ion pump was operat ing a t  3,000 v. Note t h e  inc rease  of CH3,  A r ,  
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Figure 14 - P l o t  of Total  Pressure vs .  Cathode t o  Anode Voltage fo r  a Get ter-  
Ion Pump Ehploying 36 1/2-in.  Square Ce l l s .  Data f o r  

Curve A were co l lec ted  following a 35OoC bake of t he  
pump. Data for Curve B were co l l ec t ed  a f t e r  pump 

had been exposed t o  some contaminating gases.  
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CO, H20, and H2 which i n d i c a t e s  tha t  t h e  i n t e r i o r  sur faces  of t h e  system 
had been contaminated. 
e s t ab l i shed  by hea t ing  the  fi laments i n  t h e  i o n i z a t i o n  gauge and p a r t i a l  
p re s su re  analyzer,  an i d e a l  condition was  e s t ab l i shed  t o  study t h e  pumping 
e f f i c i e n c y  of t h e  g e t t e r - i o n  pump i n  t h e  UHV range f o r  t h e  gases l i s t e d  
above. Both the  t o t a l  p ressure  (see Figure 14, Curve B) and t h e  gas compo- 
s i t i o n  i n  t h e  system were s tudied  as  func t ions  of cathode t o  anode vol tage .  
Figure 1 7  i s  a summary p l o t  of t h e  r e l a t i v e  changes of r e s i d u a l  gases 
wi th in  t h e  system f o r  an anode voltage v a r i a t i o n  between 600 v. and 7,700 v. 
H, H2, H20, and C02 demonstrate l i t t l e  e f f e c t  due t o  discharge a c t i v i t y  
wi th in  t h e  pump. However, t h e  i o n i c a l l y  pumped spec ie s  CO, A r ,  CHq and He 
undergo a l a r g e  v a r i a t i o n  wi th  discharge a c t i v i t y .  

Since a reasonably constant desorption r a t e  was 

It i s  i n t e r e s t i n g  t o  note t h e  s l i g h t  i nc rease  which occurs a t  t h e  high 
vo l t age  end of t h e  CO and Ar curves. These d a t a  suggest t h a t  above 5,000 v. 
t h e  desorp t ion  of CO and Ar due t o  the discharge inc reases  beyond t h e  pumping 
speed f o r  t hese  spec ies  a t  lower voltages.  This e f f e c t  i s  noted a l s o  on 
t h e  t o t a l  p re s su re  curve,  (Figure 14, C ~ r v e  B) by a pressure  inc rease  a t  
h igher  vol tages .  
i nc reases  wi th  anode vol tage .  If the pump i s  deac t iva ted  ( z e r o  vol tage)  
t h e  var ious  gases t ake  on t h e  r e l a t i v e  l e v e l s  shown on t h e  o rd ina te  of 
Figure 17 .  

On the  o ther  hand, t h e  pumping speed f o r  He and CH4 

Two s e t s  of d a t a  a r e  presented i n  Figure 14 under the  cap t ion  "Curve B." 
One set  of d a t a  was c o l l e c t e d  shor t ly  a f t e r  t h e  pump was exposed t o  t h e  
a u x i l i a r y  d i f fus ion  pump system (x-x) and t h e  second s e t  w a s  c o l l e c t e d  
a f t e r  15 days of pumping by t h e  ge t t e r - ion  pump ( .-.) . Note t h e  inc rease  i n  
t o t a l  p ressure  wi th  anode vol tage  immediately following exposure t o  t h e  
d i f f u s i o n  pump (x-x) and t h e  l ack  of i nc rease  i n  t o t a l  p re s su re  wi th  anode 
vo l t age  a f t e r  t h e  extended pumping period (. -.) . This change i n  p re s su re  
response t o  anode vol tage  a f t e r  extended pumping ind ica t ed  t h a t  i n i t i a l l y  
t h e  t o t a l  p ressure  i n  t h e  system was l imi t ed  by desorption of adsorbed 
gases wi th in  t h e  g e t t e r - i o n  pump a t  the  higher anode vol tages .  Af t e r  
extended pumping t h e  d a t a  ind ica t ed  t h a t  t h e  pump had cleaned i t s e l f  and 
t h a t  t h e  t o t a l  p re s su re  was l imi t ed  by system desorption throughout t h e  
e n t i r e  range of anode vol tages  studied. These r e s u l t s  i n d i c a t e  t h a t  s i g n i f i -  
can t  b e n e f i t  can be gained from baking g e t t e r - i o n  pumps which opera te  a t  
high vol tages .  

2.  Cha rac t e r i s t i c s  of Penning type discharge: The operation of c e l l s  
u t i l i z i n g  a Penning type gaseous discharge has been examined. 
i n t e r p r e t a t i o n  has been formed regarding t h e  s i g n i f i c a n t  change of t h e  

A new 

discharge  which occurs i n  
from two separa te  regions 
e x t i n c t i o n  of t he  c e n t r a l  

t he  u l t r ah igh  vacuum range. 
of t h e  discharge,  i t  w a s  poss ib l e  t o  observe an 
e l ec t ron  cloud. Such a cloud between t h e  cathode 

By recording d a t a  
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end p l a t e s  was r e fe r r ed  t o  by Helmer and Jepsen (Ref. 1) as a " v i r t u a l  
cathode." The lo s s  of t h i s  c e n t r a l  discharge concent ra t ion  r e s u l t s  i n  
lower pump speeds (gauge s e n s i t i v i t y )  of devices u t i l i z i n g  a Penning 
discharge.  

Ions produced i n  a Penning c e l l  a r e  normally acce le ra t ed  t o  t h e  cen te r  
of t h e  cathode end p l a t e s .  Evidence of ion  impact i s  seen from t h e  s p u t t e r -  
i n g  e ros ion  of t i t an ium which occurs a t  t h e  c e n t e r  of g e t t e r - i o n  pump 
cathodes. Evidence of ion  b u r i a l  may a l s o  be seen as a d i s c o l o r a t i o n  e f f e c t  
on t h e  s t a i n l e s s  s t e e l  cathode p l a t e s  i n  Penning c e l l  gauges. I n  both 
cases  t h e  i o n  t r a j e c t o r i e s  i n d i c a t e  t h e  ex is tence  of an e l e c t r o n  cloud 
concentrated a x i a l l y  between the  two  cathode end p l a t e s .  

Resul t s  have been obtained w i t h  a Penning c e l l  vacuum gauge f o r  t h e  
p re s su re  range from 1 x t o r r  t o  8 x t o r r  as  shown i n  Figure 18. 
Discharge i n t e n s i t y ,  I/P i n  amps/torr, i s  p l o t t e d  a s  a func t ion  of pressure .  
The s o l i d  l i n e  d a t a  p l o t  shows the  response curve obtained f o r  a gauge 
wi th  a 1.25 em. diameter Penning type c e l l  opera t ing  a t  2 - k ~ :  m ~ d e  p ~ t e c t i a l  
w i th  a 1-kg. magnetic f i e l d .  The data shown as a dashed l i n e  were repor ted  
by Rutherford (Ref. 9) f o r  a vacuum pump u t i l i z i n g  an a r r a y  of 1.25 em. 
Penning c e l l s  opera t ing  wi th  3 kv. and 1 kg. It i s  i n t e r e s t i n g  t o  note  t h e  
s i m i l a r i t y  of t h e  opera t ing  c h a r a c t e r i s t i c s  for t he  two systems ( s e e  
Figure 18). 

The similar c h a r a c t e r i s t i c s  include a maximum d ischarge  i n t e n s i t y  near  
t o r r  and a major dec l ine  of t h e  discharge as p res su re  decreases t o  
t o r r .  An i n t e r e s t i n g  change occurs i n  t he  discharge curve as evidenced 

by a d i p  near t h e  10-9 t o r r  range ind ica t ing  a r e a l  change of t h e  discharge 
i t s e l f .  Following t h i s  change, a pressure  dependent discharge s t i l l  e x i s t s  
w i th in  the  Penning c e l l  but wi th  a r e l a t i v e l y  low i n t e n s i t y .  

Fu r the r  i n s i g h t  regarding t h e  change i n  discharge a c t i v i t y  has been 
gained by opera t ing  an experimental Penning c e l l  i n  which t h e  c u r r e n t  a t  
t h e  c e n t e r  of t h e  c e l l  can be measured independently of t h e  c u r r e n t  a t  t h e  
ou te r  circumference of t h e  c e l l .  Two s e t s  of cathodes ( s e e  Figure 19)  a r e  
employed,viz., a cen te r  o r  axial s e t  c a l l e d  the  main cathodes and anannu la r  
s e t  near  t h e  anode edge c a l l e d  a u x i l i a r y  cathodes.  

The experimental Penning c e l l  constructed f o r  t h i s  program ( s e e  
Figure 20) has shown evidence of i on  b u r i a l  a t  t h e  c e n t e r  of t h e  main 
cathode p l a t e s  f o r  pressures  above 
a t  t h e  a u x i l i a r y  cathodes f o r  pressures below 
anode edge. Thus, we may conclude tha t  t h e  predominant discharge a c t i v i t y  
s h i f t s  from t h e  concentrated a x i a l  cloud ( v i r t u a l  cathode) t o  a r i n g  shape 
ad jacent  t o  the  anode edges as  pressure i s  reduced below about 

t o r r  and evidence of ion b u r i a l  
t o r r  adjacent t o  t h e  

t o r r .  
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The s p e c i a l  dua l  cathode Penning c e l l  r e f e r r ed  t o  above i s  capable 
of separa t ing  ion cu r ren t  a r r i v i n g  a t  the  main cathode region from cur ren t  
t o  t h e  annular a u x i l i a r y  cathode region near t h e  anode. Thus da ta  have 
been c o l l e c t e d  which d i r e c t l y  record the s h i f t  of discharge a c t i v i t y  from 
t h e  a x i a l  region t o  the  anode r i n g  v i c i n i t y  a s  pressure  decreases  below 
10-8 t o r r .  

Figure 21  i s  a p l o t  of t he  cur ren ts  measured by t h e  a u x i l i a r y  cathode 
s e t  and by t h e  main cathode s e t  independently. For t h e  higher  pressure  
range above t o r r  t h e  main cathode c o l l e c t s  over 70 percent  of t he  
ion cu r ren t  although t h e  a reas  of t h e  two cathode s e t s  a r e  nea r ly  equal .  
Thus, t h e  concentrat ion of ion  cur ren t  i n  t h e  cen te r  of t he  c y l i n d r i c a l  
c e l l  a t t e s t s  t o  t h e  ex is tence  of t h e  a x i a l  e l ec t ron  cloud descr ibed above. 
Whereas t h e  sharp dec l ine  of main cathode cu r ren t  below tcrr, a s  seen 
i n  Figure 21, i nd ica t e s  a loss of t h e  v i r t u a l  cathode discharge.  

Current recorded by the  main cathodes i s  predominantly ion  c u r r e n t .  
Scwever, c u r r e n t  to the outer  aux i l i a ry  cathodes may c o n s i s t  of f i e l d  
emission cur ren t  o r  leakage cu r ren t  a s  we l l  a s  ion  cu r ren t .  Thus, t h r e e  
d i f f e r e n t  cu r ren t s  may be s i g n i f i c a n t  t o  t h e  a u x i l i a r y  cathodes and under 
c e r t a i n  condi t ions  any one could be predominant. Although t h e  t h r e e  
d i f f e r e n t  con t r ibu t ions  a r e  not  separable by t h e  t o t a l  cu r ren t  meter, a 
comparison of the  e l e c t r i c  f i e ld -cu r ren t  r e l a t ionsh ip  wi th  those  expected 
f o r  ion,  f i e l d  emission, and leakage cur ren ts  can be made. 

Resul t s  obtained from t h e  dua l  cathode Penning c e l l  a l s o  have shown 
t h a t  t he  s e n s i t i v i t y  i s  lowered by t h e  loss of t h e  c e n t r a l  e l ec t ron  cloud 
( v i r t u a l  cathode) .  
Penning c e l l  with t h e  same operat ing parameters, a l s o  show a s i m i l a r  l o s s  
of s e n s i t i v i t y .  Most notably the  loss of the  v i r t u a l  cathode occurred a t  
t h e  same pressure  f o r  which Figure 18 showed t h e  not iceable  change i n  d i s -  
charge i n t e n s i t y .  Thus, t he  s p a t i a l  d i s t r i b u t i o n  of ion cu r ren t  recorded 
by t h e  d u a l  cathode gauge and t h e  discharge i n t e n s i t y  da t a  of Figure 18, 
both  confirm the  space charge phenomenon descr ibed above. 

The da ta  given i n  Figure 18, from a s i n g l e  cathode 

The phenomenon mentioned above i s  apparent ly  the  same e f f e c t  a s  ob- 
served by Rutherford (Ref. 9)  and referred t o  a s  the  low i n t e n s i t y  mode of 
t he  discharge which continues below the cu t -of f  pressure  value.  
both s i n g l e  cathode and dual  cathode Penning c e l l s ,  we now have obtained 
an explanat ion f o r  t h e  cut-off  and lower mode phenomena. Cut-off of t h e  
discharge corresponds t o  ex t inc t ion  of the v i r t u a l  cathode space charge.  
The lower mode corresponds t o  a low i n t e n s i t y  discharge which cont inues 
near  t h e  anode edges. 

Using 
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C. Improved Diffusion Pump Operation by Use of a Dual-Fxpansion Nozzle 

A dual-expansion nozzle has been cons t ruc ted  and evaluated f o r  d i f f u s i o n  
pump opera t ion .  A s i g n i f i c a n t  increase i n  pumping speed w a s  maintained 
while  opera t ing  a t  e leva ted  b o i l e r  temperatures. Thus y i e ld ing  an improved 
combination of pumping speed and back d i f f u s i o n  r a t e s .  

1. Diffusion pump operation: The ope ra t iona l  cyc le  of a vapor pump 
can be descr ibed as follows: 
i n  a b o i l e r  t o  inc rease  the  vapor pressure i n  t h e  j e t  s t ack  and t o  impart 
k i n e t i c  energy t o  t h e  evolving gas. The pump vapor then  flows through a 
tube t o  a nozzle  assembly where it undergoes an expansion i n t o  a pumping 
region thus  forming a vapor j e t .  
i s  such t h a t  t h e  pump vapor c o l l i d e s  wi th  a co ld  su r face ,  where i t  condenses. 
This condensate i s  then returned t o  the b o i l e r  assembly f o r  r e c i r c u l a t i o n .  

The working f l u i d  (Hg i n  t h i s  case)  i s  heated 

The geometry and o r i e n t a t i o n  of t h e  j e t  

The pumping e f f e c t  of t he  d i f fus ion  p p p  i s  based on a t r a n s f e r  of 
momentum from t h e  expifidifig J e t  tc (1) 5x~ziii1g molecules from t h e  vacuum 
chamber and (2)  gas molecules which are back d i f f u s i n g  through t h e  j e t  
region i n t o  t h e  vacuum chamber. The vec to r  sense of t he  momentum t r a n s f e r  
i s  such t h a t  t h e  d i r e c t i o n  of gas f l o w  i s  e s t ab l i shed  away from t h e  vacuum 
chamber. 

The f i r s t  process ,  v i z . ,  molecule entrainment by t h e  vapor j e t ,  d e t e r -  
mines t h e  pumping speed. 
degree of uniformity wi th  which momentum i s  t r a n s f e r r e d  from t h e  vapor j e t  
t o  incoming gas molecules. 
of t h e  j e t  where t h e  incoming gas f i r s t  encounters t h e  vapor stream. If 
t h e r e  i s  turbulence at t h i s  boundary, s i g n i f i c a n t  amounts of gas can be 
r e p e l l e d  back i n t o  the  vacuum chamber. The amount of such turbulence i s  a 
func t ion  of nozzle  design and vapor dens i ty ,  v i z . ,  lower dens i ty  j e t s  
genera te  l e s s  tu rbulence .  

The c r i t i c a l  parameter i n  t h i s  opera t ion  i s  t h e  

This i s  p a r t i c u l a r l y  t r u e  a t  t h e  upper boundary 

The second process ,  v i z . ,  back d i f fus ion  determines the  p re s su re  drop 
which can be maintained across the  vapor j e t .  Back d i f f u s i o n  reduction i s  
h ighly  dependent on the vapor densi ty ,  v i z . ,  higher dens i ty  j e t s  can main- 
t a i n  a g r e a t e r  p re s su re  d i f f e r e n t i a l .  

A dilemma a r i s e s  when back d i f fus ion  i s  reduced by increas ing  b o i l e r  
p re s su re ,  because t h e  corresponding increase  of turbulence i n  t h e  vapor j e t  
reduces t h e  a b i l i t y  t o  en t r a in  gases.  It has been pos tu l a t ed  t h a t  a dua l  
expansion nozzle would a i d  i n  resolving t h e  dilemma (Refs. 2 and 3). Such a 
nozzle should genera te  a high dens i tyma in  j e t  surrounded by a low d e n s i t y  
umbrella j e t .  Therefore, it i s  t h e  purpose of t h e  present  work t o  determine 
t h e  r e l a t i v e  pumping e f f i c i ency  of a dual expansion nozzle versus a s i n g l e  
expansion nozzle when operating a t  high b o i l e r  p re s su re .  
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2. Dual-expansion nozzle experiment: A schematic diagram of t h e  
nozzle assembly design for t h i s  work i s  shown i n  Figure 22. This assembly 
c o n s i s t s  of a movable end cap which i s  used t o  form a low dens i ty  umbrella 
j e t ,  and a f ixed d e f l e c t i o n  s k i r t  used t o  form a high dens i ty  main j e t .  
The thin-walled s t a i n l e s s  s t e e l  tube which supports t h e  end cap i s  a t tached  
t o  a screw dr iv ing  assembly ou t s ide  t h e  vacuum system v i a  a bellows i n  t h e  
bottom of the mercury b o i l e r ,  as  shown i n  Figure 23. This tube can be 
used t o  increase o r  decrease t h e  gap between t h e  end cap and t h e  top of t h e  
j e t  s t ack .  For t h i s  study, t h e  gap was opened t o  N 0.010 i n .  when t h e  
nozzle was used i n  t h e  dua l  expansion mode. 
and var ious  p o s i t i o n s  along the  j e t  s t ack  including t h e  e x i t  aper ture  a t  
t h e  nozzle  i s  monitored by a s e r i e s  of thermocouples which have been 
p laced  within the thin-walled s t a i n l e s s  s t e e l  tube.  

The temperature a t  t h e  b o i l e r  

The nozzle assembly i s  i n s e r t e d  i n t o  a g l a s s  UHV t e s t  chamber ( s e e  
Figure 24) v i a  a 2-1/2 i n .  I.D. metal  f lange.  The t e s t  stand i s  equipped 
wi th  appropriate gauges, LN2 t r a p s  and helium d i f f u s e r s .  A s  shown i n  t h e  
block diagram of Figure 24 t o  permit measurements of (1) the  pumping speed 
of a t e s t  nozzle, and (2)  t h e  r a t i o  of p re s su res  which can be maintained 
across  a t e s t  nozzle. 

Pumping speed determinations were based on t h e  following c a l c u l a t i o n :  

where 
t e s t  chamber, and P i  = pres su re  above t h e  t e s t  nozzle.  
a conductance C i s  given by t h e  equation: 

S = pump speed of t h e  t e s t  nozzle assembly, Q = gas flowing i n t o  t h e  
The gas flow through 

where 
Figure 24).  Subs t i t u t ing  Eq. (13) i n t o  Eq. (12) gives:  

C = conductance of t h e  o r i f i c e ,  and P2 = pres su re  a t  gauge 2 ( s e e  

S - c k - g  . 
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Figure 22 - Schematic D i a g r a m  Of a Dual Expansion Nozzle Assembly 

umbrella j e t  can be formed or  eliminated by opening 
closing the  gap between the main assembly and the 

adjustable end cap. 

W A n  
or 

41 



u) 
w 

-I 
W 
m xa D=J D 

I-m XI- I 

I 

42 



“s 

I 

P 

! 

43 



The conductance ( C )  i s  determined by t h e  equation: 

where K = Clausing o r  v a r i a t i o n a l  f a c t o r ,  A = c ross - sec t iona l  a rea  of t h e  
o r i f i c e  (cm2), T = temperature ( O K ) ,  and M = gram molecular weight of t h e  
flowing gas .  

Helium i s  used as t h e  t e s t  gas i n  these  measurements, t he re fo re  
M = 4. This gas i s  suppl ied via a 6- in .  vycor d i f f u s e r  which i s  mounted 
c l o s e  t o  t h e  o r i f i c e  ( C ) .  
e s t a b l i s h e s  an o r i f i c e  tem e r a t u r e  o f  455°K during t h e  t e s t .  

Eq. (15) , C is  determined t o  be: 

The heat  generated when opera t ing  t h e  d i f f u s e r  
The a rea  (A)  

of t he  o r i f i c e  i s  0.148 cm 8 and K = 0.5814. Subs t i t u t ing  these  values  i n  

c = 3.3 l i t e r s l s e c  . 

Fina l ly ,  Eq.  (14) can be  w r i t t e n  as 

The r a t i o  of pressures  maintained across  the  j e t  region i s  a l s o  
ca l cu la t ed  f o r  t h e  range of b o i l e r  temperatures s tud ied .  Helium i s  again 
used as t h e  t e s t  gas;  however, a l a r g e r  source i s  requi red  because of t h e  
pumping speed of  t h e  two-stage backing d i f fus ion  pump. Therefore,  a l a r g e  
quar tz  d i f fuse r  i s  used t o  supply up t o  1 micron l i t e r  p e r  second of pure 
helium. 

Data are presented g raph ica l ly  i n  Figures  25 and 26 f o r  bo th  t h e  
The b o i l e r  temperature was umbrella and nonumbrella j e t  configurat ions.  

var ied  slowly from 24OC t o  232OC. However, above 197°C severe pressure  
f l u c t u a t i o n  occurred and q u i t e  of ten  t h e  e l e c t r o n i c  p ro tec t ion  c i r c u i t s  
would shut  off t h e  gauges. 
uns tab le  operat ing range. The da ta  below approximately 115°C show t h e  
e f f e c t  of the two-stage d i f fus ion  Pump which backs t h e  t e s t  chamber. Above 
t h i s  temperature t h e  vapor j e t  begins t o  form and i n t e n s i f i e s  w i th  increas-  
i ng  b o i l e r  temperature ( inc reas ing  vapor P res su re ) .  The pump speed f o r  
t h e  configurat ion without an umbrella peaks near  170°C and subsequently 
f a l l s  o f f .  
t he  po in t  where t h e  Reynolds number has exceeded a c r i t i c a l  value and, 

Therefore, no d a t a  a r e  presented  f o r  t h i s  

In t h i s  region (170°C) t h e  dens i ty  of t h e  gas has increased t o  
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t he re fo re ,  a tu rbulen t  flow has been e s t ab l i shed  wi th in  the  j e t .  Note t h a t  
t he  peak pumping speed f o r  t he  umbrella conf igura t ion  i s  a t  about t h e  same 
b o i l e r  temperature as f o r  t he  nonumbrella s i t u a t i o n ;  however, t h e  peak 
has a g rea t e r  value and does not f a l l  o f f  i n  the  range presented .  This 
behavior can  be explained by not ing  t h a t  t h e  umbrella j e t  has not  y e t  
reached a dens i ty  s u f f i c i e n t  t o  s e t  up a tu rbu len t  flow condi t ion ;  there-  
f o r e ,  incoming gases  a re  i n i t i a l l y  i n t e r a c t i n g  wi th  a more uniform flow 
condi t ion  than would be encountered i f  they  i n t e r a c t e d  i n i t i a l l y  with t h e  
main j e t .  

The d e s i r a b i l i t y  of opera t ing  t h e  main j e t  a t  a dens i ty  corresponding 
t o  a turbulen t  flow condi t ion can be deduced from t h e  pressure  r a t i o  curve.  
At b o i l e r  temperatures below 1 9 5 " C ,  t he  p re s su re  r a t i o  which can be main- 
ta ined  across the  j e t  region has not ye t  peaked f o r  e i t h e r  nozzle  configura-  
t i o n .  Therefore, t o  minimize t h e  back d i f fus ion  of gases from t h e  high 
p res su re  s ide  of t h e  vapor pump, t h e  b o i l e r  temperature i s  above t h e  c r i t i c a l  
temperature corresponding t o  a tu rbulen t  flow i n  the  main j e t  stream. How- 
ever ,  the  ove r -a l l  pumping speed can be maintained i f  a low dens i ty  umbrella 
j e t  i s  es tab l i shed  over t h e  main high d e n s i t y  j e t .  The dua l  expansion 
nozzle has t h e r e f o r e  shown s i g n i f i c a n t  improvements over t he  s i n g l e  nozzle  
design. 

111. EXTREME VACULTM MEASUREMENT TECHNIQUES INCLUDING A F I E L D  E M I S S I O N  
MICROSCOPE STUDY AND CALIBRATION OF SELECTED GAUGES 

EMPLOYING A PENNING DISCKARGE 

Extreme vacuum measurement techniques have been severe ly  l imi t ed  by 
the  l ack  of pressure  s tandards below the  u s e f u l  range of t h e  McLeod gauge. 
Under t h i s  t a s k ,  e f f o r t s  have been made t o  develop another means t o  confirm 
t h e  pressure  r a t i o  technique of extending vacuum gauge usefu lness  i n t o  
the  high and u l t r a h i g h  vacuum range, and t o  determine co r rec t ion  techniques 
f o r  co ld  cathode gauges which depar t  from l i n e a r i t y  o r  even q u a s i - l i n e a r i t y  
i n  t h e  u l t r ah igh  vacuum range. The use  of a L N 2  cooled f ie ld-emiss ion  
microscope t i p  and xenon gas has permit ted a determinat ion of mean s t r i k e  
r a t e  of the gas on a surface.  The s t r i k e  r a t e  determinat ion i s  i n  agree- 
ment with t h e  t h e o r e t i c a l  s t r i k i n g  r a t e  based on cor rec ted  cold cathode 
magnetron gauge (NRC 552) pressure  readings,  
f o r  var ious cold cathode gauges i s  a l s o  presented.  

The gauge response vs. p re s su re  
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A. Independent Ver i f i ca t ion  of Low Pressure Measuring Techniques by Means 
of F ie ld  Emission Microscope Experiments 

A s e r i e s  of f i e l d  emission microscope experiments were conducted t o  
s tudy t h e  gas dynamics of xenon a t  low p re s su res .  
t i p s  were prepared and a s p e c i a l  microscope tube was used with l i q u i d  
n i t rogen  cool ing of t h e  t i p ,  see  Figure 27 .  Thus, the  xenon t o  tungsten 
s t i c k i n g  p r o b a b i l i t y  was s u f f i c i e n t l y  high and t h e  r a t e  of xenon gas 
adsorpt ion from a low pressure  gas phase w a s  s u f f i c i e n t l y  slow t o  permit 
t h e  observation of f r a c t i o n a l  monolayer buildup of xenon. 

Small diameter tungsten 

Tungsten oxide and o ther  contaminants were removed from t h e  t i p  by 
the  standard technique of r e s i s t ance  heat ing from the  holder .  A c l ean  
tungsten emission p a t t e r n  i s  shown i n  Figure 28 and t h e  p a t t e r n  from an 
oxide coated tungsten t i p  i s  shown i n  Figure 29. The f i rs t  condi t ion ,  
namely a c lean  tungsten t i p  of small diameter, w a s  found t o  be  t h e  b e s t  for 
observing xenon adsorption. Individual  spots  of enhanced emission' were 
observable on the  c lean  tungsten pa t t e rn  when a con t ro l l ed  amount of xenon 
was allowed t o  adsorb. An est imat ion of the  number of adsorpt ion s i t e s  
ind ica ted  t h a t  t h e  emission spots  were o r ig ina t ing  from ind iv idua l  s i t e s .  

The time dura t ion  of t h e  emission spots  w a s  of t h e  order  of a few 
seconds, thus  t h e  s t i ck ing  p robab i l i t y  w a s  not un i ty .  To reduce the  temper- 
a t u r e  of  t he  t i p  a l a r g e r  diameter holder was used t o  give improved thermal 
contac t  t o  t h e  buss ba r  supports .  The s teady buildup of absorbed xenon was 
c o r r e l a t e d  wi th  gas dynamics t o  give a value f o r  gas pressure  a s  described 
below. 

Data obtained d i r e c t l y  from t h e  f i e l d  emission microscope a r e  i n  the  
form of counts p e r  second. That i s ,  the number of new images occurr ing on 
a given area  of t h e  microscope screen during a given time i n t e r v a l .  This 
d a t a  must be  converted t o  a number of s t r i k e s  on u n i t  a r ea  of t h e  emi t t e r  
t i p  i n  u n i t  time s o  t h a t  a gas dynamics ca l cu la t ion  of pressure  may be 
c a r r i e d  out .  Several  parameters must f i rs t  be determined: The rad ius  of 
t he  emi t t e r  t i p s ,  t he  magnification r a t i o  of the  microscope, and thus t h e  
a rea  of t i p  corresponding t o  a given area of the  screen. A determination 
of each of these  parameters i s  given below. 

The rad ius  of a sphe r i ca l ly  symmetric e l ec t ron  f i e l d  emi t t e r  may be 

With values f o r  t h e  t i p ' s  
determined from experimental values f o r  appl ied vol tage and emission cur ren t  
wi th  t h e  a i d  of t h e  Fowler-Nordheim equation. 
r ad ius  and t h e  rad ius  of the  sphe r i ca l  screen the  magnification r a t i o  can 
be obtained along with the  a rea  magnification from t i p  t o  screen. 
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Figure 27 - Electron F ie ld  Emission Microscope; Metal Tip May Be 
Se lec t ive ly  Cooled without S i g n i f i c a n t l y  Cooling 

Inner  Wall o r  Changing Equilibrium Gas Pressure .  
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Figure  28 - Elec t ron  F i e l d  Emission P a t t e r n  from a Clean Tungsten Tip 

A 
Figure  29 - Emission P a t t e r n  of a Tungsten Tip w i t h  Oxygen Contamination. 

I n d i v i d u a l  spo t s  a r e  due t o  g r a i n s  in the f luo rescen t  sc reen .  

49 



The Fowler-Nordheim equation r e l a t e s  f i e l d  emission c u r r e n t  dens i ty  
(i) t o :  t h e  applied f i e l d  (F) o r  vo l tage  ( V ) ,  t he  work func t ion  ($) 
and Fermi energy (u.) of t h e  emi t t e r  m a t e r i a l  as follows: 

i = 6 . 2  x 10 w1'2 F2 exp [-6.4 x 10 7 e] F amp/cm* . (16) 
P+@ 

The e l e c t r i c  f i e l d  s t r eng th  around a s p h e r i c a l  conductor of r ad ius  
( r )  wi th  an  applied vol tage  (V) i s  simply 

F = V / r  

and wi th  t h e  Nordheim image co r rec t ion  f a c t o r  (CY) and t h e  f i e l d  compression 
f a c t o r  (k) due t o  t h e  d i s t o r t i o n  e f f e c t  of t h e  shank: 

F = V/cukr . 

The f i e l d  emission cur ren t  (i) p e r  u n i t  a r ea  i s  given by Eq. (1). 
i s  mul t ip l ied  by t h e  emi t t ing  a rea  (A)  a value of t o t a l  emission c u r r e n t  
(I) i s  obtained. 
p l o t .  
emission c u r r e n t  (I) and applied vol tage  ( V ) .  
one of the tungsten t i p s  used i n  t h i s  experimental program i s  given i n  
Figure 30. 

When (i) 

A p l o t  of I/$ versus 1/V i s  c a l l e d  a Fowler-Nordheim 
Such a p l o t  may be formed d i r e c t l y  from experimental d a t a  f o r  t o t a l  

A Fowler-Nordheim p l o t  f o r  

The f i e l d  emi t te r  t i p  r ad ius  may be obtained empir ica l ly  from t h e  p l o t  
of Figure 30. The r e l a t i o n  f o r  t h e  s lope  of t h e  Fowler-Nordheim p l o t  is:  

where 

b' = 6.4 x 107,kr . 
7 The value 6.4 x 10 

draw e lec t ron  emission from co ld  tungsten.  
terms of t h e  des i r ed .  t i p ' s  rad ius  ( r )  as follows: 

i s  t h e  c r i t i c a l  f i e l d  s t r e n g t h  i n  volts/cm requi red  t o  
Equation (17)  may be w r i t t e n  i n  

r = - S / $ 3 / 2  (6.4 x lo7)  ak . (18) 
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A value f o r  w a s  determined by t h e  p l o t  of Figure 30; a value f o r  ($), 
t h e  work function of tungsten,  i s  given i n  t h e  l i t e r a t u r e ;  and reasonable 
va lues  f o r  the co r rec t ion  f a c t o r s  ~y k a r e  1 and 5, r e spec t ive ly .  
Thus t h e  so lu t ion  f o r  emi t t e r  t i p ' s  rad ius  from Eq.(18) is: 

S 

r = 1.68 x 104/(5.96)3/2 (6.4 x 107)5 , 

= 3.4 x = 340; . 

The magnification r a t i o  (M) may now be determined by simply assuming 

The r a t i o  of screen r ad ius  (R)  t o  t i p  rad ius  (r)  g ives  
r e c t i l i n e a r  e l ec t ron  pa ths  from t h e  s p h e r i c a l  t i p  t o  t h e  concentric 
s p h e r i c a l  screen. 
t h e  magnification: 

M = R / r  , 

= 5/3.4 x 10'6 , 
6 = 1.47 x 10 times. 

The area magnification (MA) i s  simply t h e  square of t h e  r e c t i l i n e a r  
magnification, f o r  t h e  experiment described here  

MA = 2.16 x 10l2 times. 

The a r e a  of t he  emi t t e r  t i p  (AT) corresponding t o  a given a r e a  of t h e  screen 
(%) i s  simply given by 

+ = 5/2.16 x 10l2 , 
= 2.34 x 10-12cm2 . 
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The number dens i ty  of xenon atoms i n  a given pressure  s t a t e  may be 
ca l cu la t ed  from t h e  i d e a l  gas law: 

P = nkT . 

The ,number dens i ty  (n)  may be wr i t t en  as:  

n = 9.66 x 1Ol8 P/T, f o r  P i n  t o r r .  

Using t h e  values  25°C f o r  temperature, 0.33 gauge f a c t o r  f o r  Xe, and 
8 x lo" t o r r  f o r  an assumed pressure gauge reading,we obtain:  

n = 8 x lo7 molecules/cm3 f o r  t h e  number densi ty .  

A gas dynamics ca l cu la t ion  w i l l  y i e l d  a value for  t h e  number of 
The molecular s t r i k e s  on u n i t  area of t he  emi t te r  t i p  i n  u n i t  time. 

s t r i k i n g  r a t e  i s  given by: 

v = 1/4 n ? ,  

,where 7 i s  t h e  average molecular ve loc i ty ,  and t h e  value f o r  xenon a t  25°C 
4 i s  2.2 x 10 For t h e  xenon gauge reading of 8 x lo-' t o r r ,  as  

described above, t he  s t r i k i n g  r a t e  on unit area  i n  u n i t  time is:  
cm/sec . 

2 
v = 4.4 x IO1' strikes/cm /sec . 

The number of s t r i k e s  (Ns) on t h e  5 cm2 monitored a rea  of t he  screen i s  
given by 

N s = + v  9 

= (2.34 x 10-12cm2) (4.4 x 10l1 strikes/cm2/sec) , 

= 1.0 s t r ike / sec  . 
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A gauge reading f o r  xenon of 8 x lo-’ t o r r  was  chosen f o r  t h i s  
example since it produces t h e  l / s e c  s t r i k i n g  r a t e .  
ducted with t h i s  value 
fol lowing s t r i k i n g  r a t e s  could be checked: 1 s t r i k e / 2  see ,  2 s t r i k e s / s e c ,  
and 3 s t r i k e s / s e c .  
by t h e  above method of c a l c u l a t i n g  were observed on t h e  screen a r e a  of t h e  
f i e l d  emission microscope. 
were made, b u t  because of t h e  low i n t e n s i t y  (no image i n t e n s i t y  ampl i f i e r  
w a s  ava i l ab le )  and v a r i a t i o n s  of t h e  images, t h e  recordings were not as 
u s e f u l  as v i s u a l  s igh t ings .  

Experiments were con- 
(8 x lo-’) and mul t ip l e s  thereof  so  t h a t  t h e  

S t r i k i n g  r a t e s  approximately equal t o  those p red ic t ed  

Photographic recordings of t h e  spot  images 

.The i n t e r e s t i n g  r e s u l t  from t h e  f i e l d  emission microscope program i s  
t h e  agreement between t h i s  absolu te  method of observing molecular s t r i k e s  
and t h e  readings from a co r rec t ed  vacuum gauge a t  low p res su res .  
r a t i o  technique was used (Ref. 10) t o  compare and c o r r e c t  an NRC model 552 
Redhead gauge from higher p re s su res  where t h e  absolute McLeod gauge i s  
a v a l i d  standard down t o  low p res su re  (- lo-’ t o r r ) ’  where t h e  f i e l d  emission 
microscope method i s  operable.  
t o r r  t o  lo-’ t o r r  show agreement thus e s t a b l i s h i n g  confidence i n  t h e  
p re s su re  r a t i o  method. 

The p res su re  

Both ends of t h e  pressure  range from 

B. Response Charac t e r i s t i c s  f o r  Three Cold Cathode Gauges 

A descr ip t ion  of co ld  cathode magnetrons and Penning c e l l s  opera t ing  
as gauges has been developed i n  terms of t h e  condi t ions  for e s t a b l i s h i n g  a 
discharge and t h e  e f f e c t s  of space charge buildup. 
f o r  t h ree  commercial gauges (Redhead, Kreisman and t r i g g e r  d i scharge  types) 
were determined by a conductance-regulated, p r e s s u r e - r a t i o  method us ing  
Bayard-Alpert type gauges f o r  re ference .  
v e r i f i e d  by comparison t o  a f i e l d  emission microscope standard.  

Pressure  response curves 

The p r e s s u r e - r a t i o  technique w a s  

Four c h a r a c t e r i s t i c s  a r e  p red ic t ed  f o r  magnetrons from a cons idera t ion  
of t h e  discharge mechanism and from a c o r r e l a t i o n  wi th  t e s t  data:  
ou t -o f - s t r ike  s t a t e  cha rac t e r i zed  by a s teady  pressure-independent background 
reading o f  about 5 x t o r r ;  (2) a minimum pres su re  threshold  f o r  
operation (2.7 x 
(3) a range of nonl inear  pressure-dependent response above threshold  i n  
which the s e n s i t i v i t y  r i s e  wi th  p re s su re  i s  moderated by space charge 
buildup; followed by (4) a range of near  l i n e a r  response ( s lope  of 1.04 
f o r  Redhead, 1.11 f o r  Kreisman types on a l o g  pressure- log  c u r r e n t  p l o t )  
corresponding t o  t h e  region of nea r ly  s a t u r a t e d  space charge. Differences 
i n  response values a r e  c o r r e l a t e d  w i t h  d i f f e rences  i n  e l ec t rode  elements, 
spacings, and voltages f o r  t h e  two magnetron gauge tube designs.  

(1) an 

t o r r  f o r  Redhead, 1 . 7  x lo-’’ t o r r  f o r  Kreisman); 

54 



Response c h a r a c t e r i s t i c s  have been determined f o r  G.E. t r i g g e r  d i s -  
Four c h a r a c t e r i s t i c s  have been i d e n t i f i e d  from t e s t  d a t a  charge gauges. 

and described i n  terms of t h e  discharge process:  (1) a p res su re  i n s e n s i -  
t i v e  s t a t e  below 
e i t h e r  leakage, f i e l d  emission, o r  a combination the reo f ;  (2)  a p re s su re -  
dependent i nc rease  of ion cu r ren t  above t o r r ;  (3) a discontinuous 
jump (by a f a c t o r  of about 2) i n  i o n  cu r ren t  near t h e  lo-' t o r r  range 
corresponding t o  t h e  establishment of an e l ec t ron  cloud v i r t u a l  cathode, 
and t h e  conversion t o  a magnetron type discharge which inc reases  non- 
l i n e a r l y  wi th  p re s su re  but  with space charge moderation along a 1.15 slope;  
and (4)  a s a t u r a t i o n  phenomenon near 
of a glow discharge and ion  recombinations. 

t o r r  i n  which t h e  predominant cu r ren t  i s  due t o  

t o r r  due t o  the  establ ishment  

1. Cold cathode gauge operation based on a magnetron type discharge: 
A Penning type discharge c e l l  (Ref. 11) gene ra l ly  c o n s i s t s  of a c y l i n d r i c a l  
o r  rec tangular  anode cage with t w o  end p l a t e  cathodes which a r e  not  con- 
c e n t r i c  wi th  t h e  anode. The G.E. t r i g g e r  discharge gauge (Ref.  12) employs 
a 11'2-in. Penning type c e l l  with some modif icat ions such as a c y l i n d r i c a l  
r a t h e r  than a C-shaped magnet and small holes i n  t h e  end p l a t e s  f o r  t h e  
passage of e l ec t rons  from a fi lament mounted j u s t  ou ts ide  of t h e  c e l l .  The 
opera t ion  of a Penning c e l l  such as  used i n  t h e  t r i g g e r  gauge i s  s i m i l a r  
t o  t h a t  of a magnetron s ince  the  e lec t ron  cloud forms a v i r t u a l  cathode 
concent r ic  wi th  t h e  anode. This report  t he re fo re  concent ra tes  upon t h e  
desc r ip t ion  of magnetron type discharges.  ( This sec t ion  p resen t s  a 
h i s t o r y  and d iscuss ion  of gaseous discharges as applied t o  co ld  cathode 
vacuum gauge opera t ion .  

- 

A magnetron may be defined as an assembly of two concentric c y l i n d r i c a l  
e l ec t rodes  operated i n  an a x i a l  magnetic f i e l d .  When used as a p res su re  
gauge, t h e  e l e c t r i c  and magnetic f i e l d s  a r e  chosen such t h a t  t h e  bulk of 
t h e  c a v i t y  i s  beyond magnetron cutoff .  That i s ,  e l ec t rons  a r e  not  a b l e  
t o  t r a v e l  from cathode t o  anode unless they  l o s e  energy by c o l l i d i n g  wi th  
gas molecules ( see  Figure 31). 
o f - s t r i k e  s t a t e ,  un less  t he  gas pressure  i s  high enough t o  support a d i s -  
charge. The p resen t  r epor t  i nves t iga t e s  t h i s  phenomenon as  w e l l  as  t h e  
bas ic  opera t ion  of magnetron gauges. There a r e  two commercially a v a i l a b l e  
gauges which may be described as magnetrons: t h e  NRC Redhead gauge and t h e  
GCA Kreisman gauge. 

The gauge, t he re fo re ,  remains i n  an out -  

I n  1952, Beck and Brisbane (Ref. 13) reported a s e r i e s  of experiments 
us ing  both normal and inver ted  magnetron arrangements. A c e n t r a l  wi re  and 
a cy l inde r  wi th  s e v e r a l  bulkhead discs  were employed a s  e l ec t rodes .  The 
s e n s i t i v i t y  was high when used as an inver ted  magnetron. The device had 
two disadvantages:  a background cur ren t  due t o  f i e l d  emission, which w a s  
equiva len t  t o  about t o r r ;  and a power law r a t h e r  than a l i n e a r  r e l a t i o n  
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Figure 31 - Electron Orbi t s  i n  a Coaxial  Magnetron St ruc ture .  E lec t rons  e i t h e r  
r e t u r n  t o  t h e  cathode o r  c o l l i d e  wi th  gas molecules t o  change 

t h e i r  momentum and i n  event of i on iz ing  c o l l i s i o n s  t o  
r e l ease  secondary e l ec t rons .  

n A U X .  CATHODES 

I 

CAT H ODES- 

/ 
,L---- ANODES------’ 

REDHEAD +I C M - 4  K R E  I S M A N  

Figure 32 - Electrode Configurations Of Commercial Magnetron Gauges, Shown t o  
Scale i n  Cutaway; Anode Diameters: Redhead 3.0 em., 

Kreisman 2.5 em. 
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between cathode cu r ren t  and gas pressure.  
was designed us ing  proper r e s i s t ance  values and a nonl inear  meter s ca l e .  

However, a u s e f u l  gauge c i r c u i t  

Haefer (Ref. 14) developed a magnetron f o r  an inves t iga t ion  of s t r i k i n g  

The magnetron was found t o  s t r i k e  a t  p ressures  below the  sus t a in ing  
c h a r a c t e r i s t i c s  of a gaseous discharge i n  t r ansve r se  e l e c t r i c  and magnetic 
f i e l d s .  
discharge l e v e l  f o r  Penning c e l l s  designed up t o  t h a t  t ime. Much of t h e  
e x i s t k g  theory of magnetron gauge operation has been adapted from Haefer ' s  
work, which w a s  based on the  assumption of a neg l ig ib l e  space charge and 
a uniform e l e c t r i c  f i e l d .  The f i r s t  assumption holds  only p r i o r  t o  s t r i k i n g ,  
and the  second does not  hold f o r  the  e lec t rode  arrangements used i n  p re s su re  
gauges. 

The next  advance i n  magnetron pressure gauges was made by Hobson and 
They eliminated t h e  recording of erroneous Redhead (Refs.  15 and 16) .  

f ie ld-emiss ion  cu r ren t  from the  cathode by i n s e r t i n g  a u x i l i a r y  cathodes 
i n t o  an inver ted  magnetron s t r u c t u r e .  These add i t iona l  e l ec t rodes  s h i e l d  

i s  independent of t h e  ion cu r ren t  recording c i r c u i t .  
background reading was avoided. However, t h e  l i n e a r  response which Beck 
and Brisbane (Ref. 13) had predic ted  for opera t ion  near  2,500 gauss w a s  not  
obtained . 

+hn -_-- ,.-4-L-,a- .I?------ iiiaLi L.blIuut: II-UIII t h e  allude. Fieid emission I'rom the  aux i l i a ry  cathodes 
Thus an erroneous 

Redhead (Ref. 17)  a l s o  designed a modif icat ion of t h e  normal magnetron 
s t r u c t u r e  wi th  cathode end p l a t e s  i n  contact  wi th  the  c e n t r a l  cathode b a r  
and wi th  l a r g e  r ings  as a u x i l i a r y  cathodes (Figure 32) .  
was again removed from t h e  ion cur ren t  measuring c i r c u i t .  
l i n e a r i t y  ( & O  s lope  on a log  cur ren t  -- l og  pressure  p l o t )  from about 
5 x 10-l' t o r r  t o  t o r r ,  and a departure from l i n e a r i t y  (59' slope)  
below 5 x t o r r  was found. A t  extremely l o w  p re s su res ,  a d d i t i o n a l  
pho toe lec t r i c  ac t ion  w a s  necessary t o  in su re  s t a r t i n g .  Using t h i s  modified 
design, Hobson (Ref. 18) reported a l imi t ing  pressure  measurement of 1.5 x 

The l i m i t  was assumed t o  be 
due t o  helium permeation through t h e  wal ls  of t h e  g l a s s  system. The d a t a  
a c t u a l l y  appear t o  be t h e  f i r s t  published (Ref. 18) ind ica t ion  of t h e  
threshold  phenomenon as described i n  t h i s  r e p o r t .  

Thus f i e l d  emission 
A response nea r  

t o r r  i n  a l i q u i d  helium-cooled system. 

Kreisman has devised seve ra l  vers ions of co ld  cathode normal magne- 
t r o n s  (Refs. 19,  20 and 21) placed i n  metal  envelopes t o  avoid a breakage 
problem. One of t hese  models (Ref 21) (GCA 1410), which does not  employ 
a u x i l i a r y  cathodes ( s e e  Figure 321, i s  ava i l ab le  commercially. Also, t h e  
NRC magnetron gauge design was modified f o r  f l i g h t  t e s t s  (Ref. 22) by 
removing t h e  a u x i l i a r y  cathodes; a s i g n i f i c a n t  a l t e r a t i o n  of response 
occurred, as descr ibed l a t e r .  
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Rutherford 's  r e s u l t s  (Ref. 9 )  on the  behavior of Penning c e l l s  a t  low 
pressures  show a l a rge  change of s e n s i t i v i t y  a s  evidenced by a change of 
opera t ing  mode. 
of  magnetron gauges a t  low pressures  a s  reported here .  However, t h e  
desc r ip t ion  (Ref. 12) of a t r i gge red  Penning c e l l  does not r epor t  a s imilar  
response.  

These da ta  f o r  Penning c e l l s  a re  s imi l a r  t o  the  behavior 

I n  t h i s  r epor t ,  t h e  expected c h a r a c t e r i s t i c s  of a magnetron gauge, 
with t h e  space charge necessary t o  opera te  as an ion iza t ion  gauge a r e  d i s -  
cussed. Then a p res su re - r a t io  technique used t o  t e s t  commercial magnetron 
gauges i s  described. The q u a n t i t a t i v e  r e s u l t s  of these  t e s t s  a r e  co r re l a t ed  
wi th  t l e  q u a l i t a t i v e  f ea tu res  expected f o r  space charge l imi t ed  opera t ion .  
The pressure  response curves a r e  then compared wi th  the  design f e a t u r e s  of 
t h e  r egu la r  Redhead gauge, incorpora t ing  a u x i l i a r y  cathodes,  as  w e l l  as wi th  
a s p e c i a l  f l i g h t  gauge and Kreisman design, bo th  without a u x i l i a r y  cathodes.  

I 

Jepsen ( R e f .  23) has developed a theory which gives  extensive con- 
s i d e r a t i o n  t o  t h e  ex is tence  of a f u l l y  developed space charge of uniform 
dens i ty  i n  both normal and inve r t ed  magnetron arrangements. The p resen t  
considerat ion of space charge buildup with inc reas ing  pressure  i s  t r e a t e d  
q u a l i t a t i v e l y  s ince  t h e  e l ec t ron  loss mechanisms a r e  not  w e l l  known. The 
bas ic  e lec t ron  loss mechanism has been assumed t o  be t h e i r  a r r i v a l  a t  t h e  
anode a f t e r  s eve ra l  c o l l i s i o n s .  I n  t h e  extremely high vacuum range, 
o r b i t a l  l i f e t imes  of e l ec t rons  t r a v e l i n g  from cathode t o  anode may extend 
t o  hours ,  (Refs. 14 and 16) i f  e l ec t ron ic  o s c i l l a t i o n s  do not  i n t e r f e r e .  
When t h e  cyc lo ida l  behavior of t h e  e l ec t rons  i s  considered, t hese  long l i f e -  
t imes and the ve loc i ty  d i f fe rences  of t he  e l ec t rons  could l ead ,  f o r  
example, t o  s l i pp ing  stream i n s t a b i l i t i e s  which could r e t u r n  some e l ec t rons  
t o  t h e  cathode and send o the r s  t o  the  anode without t h e  electron-molecule 
in t e rac t ions  pos tu la ted  i n  the  Townsend discharge theory.  

Redhead has f u r t h e r  i nves t iga t ed  (Ref. 24) t h e  "region of i n s t a b i l i t y "  
Two opera t ing  s t a t e s  a r e  repor ted  f o r  magnetic repor ted  e a r l i e r  (Ref. 1 7 ) .  

f i e l d s  above and below a c r i t i c a l  value.  RF o s c i l l a t i o n s  were found i n  
t h e  h igher  f i e l d  s t a t e  and sporadic noise  i n  t h e  lower o r  normal s t a t e .  
The maintenance of a m a x i m u m  value of space charge w a s  found i n  t h e  l i n e a r  
response region. 
space charge e f f e c t s  upon magnetron operat ion.  

These important d i scove r i e s  ( R e f .  24) emphasize t h e  r o l e  of 

The qua l i t a t ive  p i c t u r e  Of space charge moderated opera t ion  of a 
magnetron gauge w i l l  now be given. A t  s u f f i c i e n t l y  low p res su re ,  e l e c t r o n  
l o s s  mechanisms exceed t h e  pressure  dependent source of e l e c t r o n s  t o  p re -  
c lude  t h e  maintenance of a discharge.  However, a background cu r ren t  (due 
t o  in su la to r  leakage) gives  an ind ica ted  pressure  reading.  
p re s su re  ind ica t ions  a r e  not  affected by removal of t h e  magnet, a f a c t  which 
confirms the lack of ion cu r ren t  i n  t h i s  cutoff s t a t e .  

These low 
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Electrons emitted from t h e  cathode w i l l  descr ibe  sho r t  cu to f f  o r b i t s  
s t a r t i n g  from and ending on the  cathode. ( A s  Redhead (Ref. 1 7 )  i n d i c a t e s ,  
t hese  pa ths  can cover a s ign i f i can t  p a r t  of t h e  cathode-anode d is tance .  ) 
However, the  e l ec t ron  dens i ty  i n  the gauge volume w i l l  be neg l ig ib l e  u n t i l  
t h e  number of electron-molecule in t e rac t ions  becomes s i g n i f i c a n t .  

For pressure  values above a lower opera t ing  threshold ,  t h e r e  a r e  
enough gas phase c o l l i s i o n s  t o  re lease  e l ec t rons  t o  cathode-independent 
pa ths  a t  a r a t e  which exceeds the  t o t a l  loss r a t e .  A space charge then 
begins t o  b u i l d  ( s e e  Figure 31). The ions  produced a r e  de tec ted  a t  t h e  
cathode and t h e  electrometer  reading w i l l  change r a t h e r  suddenly from a 
s teady  background value t o  a threshold ion  cu r ren t  p l u s  background reading  
when t h e  discharge s t r i k e s .  

A s  t h e  space charge increases ,  t he  secondary e l ec t rons  caused by ion  
bombardment of t h e  cathode cy l inder  w i l l  s ee  a lower e l e c t r i c  f i e l d ;  and, 
although the  number should increase wi th  increas ing  ion  c u r r e n t ,  t h e  
m ~ x i m l ~ %  kirnlct5.c eiiei-gji i r i  a complete c y c l o i d a l  a r c  and the  a rc  length  w i l l  
be reduced. The increase  of space charge may eventua l ly  lead  t o  a complete 
i n a c t i v a t i o n  of t h e  c e n t r a l  por t ion  of t h e  cathode as  an e l ec t ron  source.  
Thus, t h e  cathode end p l a t e s  o r  cones (F igure  32) become inc reas ing ly  
important i n  de f in ing  t h e  gamma coe f f i c i en t  f o r  t he  discharge as p re s su re  
inc reases .  

F ina l ly ,  t h e  e l ec t ron  space charge s a t u r a t e s  and becomes nea r ly  
p re s su re  independent so  t h a t  a near cons tan t  gas ion iza t ion  p r o b a b i l i t y  i s  
maintained f o r  f u r t h e r  pressure  r i s e .  Thus t h e  b a s i c a l l y  pressure-  
dependent discharge i s  constrained by s a t u r a t i o n  t o  be cons tan t  and produce 
a l i n e a r  ion cu r ren t  t o  pressure  response. The onset  of  t h i s  d e s i r a b l e  
f e a t u r e  near  lo-' t o r r  def ines  the  t r a n s i t i o n  from nonl inear  t o  l i n e a r  
response.  

I n  summary, we would expect magnetron gauge operat ion t o  e x h i b i t  t h e  
fol lowing c h a r a c t e r i s t i c s  as pressure r i s e s :  (1) absence of  a discharge 
below some low pressure  l e v e l ;  (2) a th reshold  ion  cu r ren t  a t  a p re s su re  
dependent on gauge geometry aqd voltage; (3) a grea te r - than- l inear  r i s e  
of i on  cu r ren t  w i th  pressure  due t o  the pressure-dependent r i se  of t h e  
e l e c t r o n  dens i ty  i t s e l f ;  and (4 )  a sa tura ted  e l ec t ron  space charge (above 
about lo" t o r r )  g iv ing  a l i n e a r  ion cu r ren t  t o  pressure  response.  

2.  
gauge types:  The c h a r a c t e r i s t i c  response O f  ion  cu r ren t  t o  pressure  f o r  
co ld  cathode magnetron gauges was determined by a conductance-regulated,  
p r e s s u r e - r a t i o  method (Ref. 25) .  
opera t ion  of a reference Bayard-Alpert type hot-f i lament  i on iza t ion  gauge 

Response curves f o r  Redhead, Deisman, and t r i g g e r  discharge 

This technique provided continuous 
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(BAG) loca ted  a t  a pressure  two orders  of magnitude above the  p re s su re  a t  
t h e  t e s t  magnetron gauge p o s i t i o n  (Ref. 3 ) .  
a BAG wi th  constant  emission cu r ren t  was used t o  ob ta in  a continuous p l o t  
of t h e  response curve f o r  t he  magnetron gauges without  t he  n e c e s s i t y  of 
lowering the  BAG t o  t h e  l e v e l  of r e s i d u a l  c o l l e c t o r  c u r r e n t .  The con- 
s tancy  of t h e  pressure  r a t i o  was confirmed by using two BAG tubes on e i t h e r  
s i d e  of t h e  known conductance. O f  course,  t h e  downstream MG was then 
requi red  t o  operate t o  a pressure  below t h e  X-ray photo cu r ren t  value.  
When cor rec t ions  f o r  t o t a l  r e s i d u a l  cu r ren t  were made (us ing  t h e  modulation 
technique (Ref. 26), changes of t h e  downstream gauge were found t o  remain 
l i n e a r  wi th  changes of t h e  upstream gauge wi th in  gauge reading e r r o r .  

Thus t h e  l i n e a r  response of 

The c h a r a c t e r i s t i c  cur ren t - to-pressure  response f o r  each type s tudied  
( G .  E. t r i g g e r ,  NRC Redhead, and GCA Kreisman gauges) was determined t o  i t s  
lowest operat ing value.  The p r e s s u r e - r a t i o  method was employed f o r  each 
gauge type .  In  addi t ion ,  t h e  Kreisman gauges were s tud ied  by d i r e c t  com- 
pa r i sons  t o  BAG, s i nce  the  commercial BAG type employed (Varian model 
UHV-12) covers t h e  f u l l  opera t ing  range of t h e  commercial Kreisman gauge. 
The response curve f o r  Kreisman gauges determined by d i r e c t  comparison, 
w i th  co r rec t ions  f o r  r e s i d u a l  cu r ren t  i n  t h e  BAG readings,  agreed wi th  the  
response curve obtained by t h e  p re s su re  r a t i o  method. 
r e s i d u a l  cur ren t  i n  t h e  BAG was required f o r  t h e  s e t  of p re s su re  r a t i o  da t a ,  
s ince  t h e  two order-of-magnitude r a t i o  permit ted opera t ion  t o  the  low 
p res su re  l i m i t  of  t h e  Kreisman gauge without opera t ing  t h e  BAG below 
t o r r .  

No co r rec t ion  f o r  

Output cu r ren t s  from t h e  BAG, used as  re ference  gauge, and t h e  co ld  
cathode gauges were simultaneously p l o t t e d  on a uniform time base,  es tab l i shed  
by opera t ing  a two-channel, s t r i p - c h a r t  recorder  us ing  t h e  recorder  output  
te rmina ls  f rom t h e  commercial c o n t r o l  units. Ion c u r r e n t s  and background 
c u r r e n t s  were measured with a Cary model 35 v i b r a t i n g  reed e lec t rometer .  
High vol tages  were s e t  a t  t h e  spec i f i ed  values  of 4,800 v o l t s  f o r  t h e  
Redhead type,  4,000 v o l t s  f o r  t h e  Kreisman type and 2,000 v o l t s  f o r  t h e  
G. E. t r i g g e r  type and r e g u l a r l y  monitored w i t h  a s e n s i t i v e  E l e c t r o s t a t i c  
Voltmeter. 
checked pe r iod ica l ly  wi th  a gauss meter and found t o  remain near  t h e  
spec i f i ed  values.  
a g r i d  p o t e n t i a l  of 130 v o l t s ,  and an emission cu r ren t  of 4 m a ,  so t h a t  
t h e  s e n s i t i v i t y  was 25/ tor r .  Therefore , a l l  opera t ing  parameters were 
c a r e f u l l y  maintained a t  t h e  values  spec i f i ed  by t h e  manufacturers of each 
type gauge tube. 

Magnetic f i e l d  s t r eng ths  of t h e  permanent magnets were a l s o  

The BAG tubes (Varian model UHV-12) were operated wi th  

The c h a r a c t e r i s t i c  response curves,  determined from a l a r g e  amount of 
d a t a  us ing  the methods descr ibed above, a r e  p l o t t e d  i n  Figures  33 through 38. 
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Actual pressure values i n  dry a i r  equivalent a r e  p l o t t e d  on t h e  absc i s sae ,  
and ind ica ted  pressures  from t h e  cold cathode gauge cofltrol  u n i t s  a r e  
p l o t t e d  on the o rd ina te s .  Ordinate values may be converted t o  ion  c u r r e n t  
va lues  by mul t ip l i ca t ion  with t h e  dry  a i r  s e n s i t i v i t y  f a c t o r s  (4 .5  amps/torr 
f o r  t h e  NRC 552 gauge, 2.0 amps/torr f o r  t h e  GCA 1410 gauge and 2.5 amps/ 
t o r r  f o r  the G. E. t r i g g e r  discharge gauge), s ince  t h e  c o n t r o l  u n i t  c i r c u i t s  
(NRC 752, GCA 1400, and G. E.  22GC 201) a r e  designed on t h e  assumption of 
l i n e a r  response, i . e . ,  constant s e n s i t i v i t y .  

The u l t r ah igh  vacuum p o r t i o n  of t he  response curve f o r  NRC type  552 
g l a s s  envelope (Redhead) gauges (Figure 33) shows the  following charac- 
t e r i s t i c s  : 
pres su re  reading of 5 x t o r r  when t h e  r e a l  p ressure  i s  below t h e  
threshold  for opera t ion ;  (2)  a t o t a l  c u r r e n t  value of 9 x amps for 
i n i t i a t i o n  of a sus t a in ing  discharge; t h i s  th reshold  l e v e l  corresponds 
t o  a n  ind ica ted  pressure  of 2 x 
2.7 x 10-12 t o r r ;  (3) a non-linear response curve f o r  values above threshold  
wi th  a continuously changing slope approaching l i n e a r i t y  near lo-' t o r r ;  
t h i s  i s  presumably due t o  the  continuous bui ldup of space charge toward a 
sa tu ra t ed  value, i . e . ,  t he  s e n s i t i v i t y  of t h e  gauge increases  as space 
charge increases  u n t i l  a nea r ly  sa tu ra t ed  s t a t e  i s  reached a t  lo-' t o r r ;  
(4)  a region of i n s t a b i l i t y  o r  resonance around 7 x lo-'' t o r r  charac- 
t e r i z e d  by o s c i l l a t i o n s  i n  t h e  output c u r r e n t ;  and (5) a response curve 
above lo-' t o r r  which has a nea r ly  l i n e a r  slope of 1 .04 wi th  a slow r i s e  
i n  s e n s i t i v i t y ,  due t o  add i t iona l  buildup of t he  e s s e n t i a l l y  sa tu ra t ed  
space charge. The 46" slope reported by Redhead (Ref. 17) f o r  t h e  response 
curve above lo-'' t o r r  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  value given here .  
The d a t a  below 10-l' t o r r  agree c l o s e l y  wi th  t h e  da t a  p o i n t s  given by 
Feakes and Torney (Ref. 27), except f o r  two d i f f e rences  of i n t e r p r e t a t i o n :  
(1) a theory invoking space charge buildup and s a t u r a t i o n  i s  proposed t o  
explain the  cont inuously moderated response, r a t h e r  than f i t t i n g  s t r a i g h t  
l i n e  segments t o  t he  d a t a ;  and (2) t h e  pressure-independent readings below 

than t o  ion c u r r e n t .  The d a t a  presented i n  Figure 33 represent  t h e  response 
of c l ean  Readhead gauges operated wi th  t h e  recommended p o t e n t i a l  of 4,800 
v o l t s  and a magnetic f i e l d  of 1,040 gauss. 

(1) a background leakage cu r ren t  corresponding t o  an ind ica t ed  

t o r r  and a r e a l  p ressure  of about 

t o r r  a r e  ascr ibed  t o  leakage cu r ren t  i n  an ou t -o f - s t r ike  s t a t e  r a t h e r  

The u l t r ah igh  vacuum por t ion  of t h e  response curve f o r  c l ean  GCA 
Model 1410 (Kreisman) gauges (Figure 34)l shows t h e  following c h a r a c t e r i s t i c s :  
(1) a background leakage cu r ren t  corresponding t o  an ind ica t ed  p res su re  
reading of about 4 . 5  x t o r r  f o r  any r e a l  gas p re s su re  value below 
1.7 x 10-l' t o r r ;  i . e . ,  f o r  pressures  below ope ra t ing  threshold ,  
remains i n  t h e  ou t -o f - s t r ike  s t a t e ;  (2)  a t o t a l  c u r r e n t  value of 7 x 10- 
amps f o r  i n i t i a t i o n  of a discharge; t h i s  th reshold  l e v e l  corresponds t o  an 
ind ica ted  pressure  reading of 3.5 x 
10-l' t o r r ;  (3) a nonlinear response curve f o r  values above threshold  wi th  

the 

t o r r  and a r e a l  p re s su re  of 1 . 7  x 
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a cont inuously moderated s lope,  due t o  t h e  self-moderation of space charge 
buildup; (4)  a region of i n s t a b i l i t y  around 10-8 t o r r ;  and (5) a s e n s i t i v i t y  
above t o r r  which continues t o  increase  wi th  pressure  along a response 
curve of slope 1.11; thus a l i n e a r  response i s  not  achieved over any p o r t i o n  
of t h e  p re s su re  range. 
Redhead f l i g h t  gauge from which a u x i l i a r y  cathodes have been removed. 

This l a t t e r  f e a t u r e  i s  a l s o  found (Ref. 22) f o r  a 

Kreisman reported (Ref. 21) t h e  cur ren t -pressure  c h a r a c t e r i s t i c s  of 
two standard GCA Model 1410 gauges. The f i r s t  gauge exhib i ted  l i n e a r  
response over one decade of pressure  from 5 x loe8 t o  5 x 
second gauge gave a nonlinear response curve (of slope 1.10) f o r  t h e  p re s su re  
range from 6 x lo-’ t o  1 x 
below t h e  lo-’ t o r r  range. Thus, the d a t a  i n  t h e  range repor ted  (Ref. 21) 
f o r  t h e  second gauge agree wi th  t h e  response curve, Figure 34, given here .  

t o r r .  The 

t o r r ,  no da t a  were given f o r  p re s su res  

The threshold  phenomenon may be repea ted ly  observed by r a i s i n g  and 
lowering t h e  r e a l  p ressure  around the value necessary t o  s u s t a i n  a d ischarge ,  
i. e . ,  2 .7  x t o r r  f o r  NRC 552 and 1 . 7  x t o r r  f o r  GCA 1410 gauges. 
To accomplish s m a l l  p ressure  changes around the threshold  va lues ,  t he  helium 
flow r a t e  was s l i g h t l y  increased and decreased by varying t h e  Vycor-helium 
d i f f u s e r  temperature. Although t h e  small p re s su re  changes a r e  recorded by 
t h e  re ference  ion  gauge, l a r g e  step-wise changes from t h e  background t o  t h e  
threshold  value a r e  ind ica ted  by the  magnetron gauges. I n  add i t ion ,  t h e  
magnetron gauges do not respond t o  pressure  changes below t h e i r  t h re sho ld  
p re s su re  l e v e l s ;  i . e . ,  t he  steady background leakage cu r ren t  va lues  a r e  
ind ica t ed  without  an ion  cu r ren t  component f o r  a l l  p re s su res  below t h e  
threshold  l e v e l .  

Qua l i t a t ive ly ,  a t  l e a s t ,  t h e  threshold phenomenon may be thought of 
i n  terms of t h e  minimum number of avalanche i n i t i a t i n g  e l ec t rons  requi red  
f o r  a sus t a in ing  discharge.  
e l e c t r o n s  may escape from t h e  cathode and e n t e r  t h e  t rapping  reg ion  as  
avalanche i n i t i a t o r s .  
c o l l i s i o n ,  f o r  example, wi th  a gas molecule, and l o s e  s u f f i c i e n t  energy so 
t h a t  it w i l l  t r a v e l  i n  an approximately hypercycloidal  p a t h  which does not 
i n t e r s e c t  t h e  cathode. The secondary e l ec t ron  produced by t h e  i o n i z a t i o n  
nornially i s  a l s o  trapped i n  t h e  discharge.  However, f o r  magnetron devices 
operated below c u t o f f ,  as i s  t h e  case f o r  both gauges discussed he re in ,  
e l e c t r o n s  emitted from the  cathode w i l l  execute approximately hypercycloidal  
pa ths  which i n t e r s e c t  t h e  cathode on t h e  f i rs t  o r b i t  ( s e e  Figure 31) un le s s  
a c o l l i s i o n  occurs, leading t o  a high p r o b a b i l i t y  of recapture .  
e l e c t r i c  and magnetic f i e l d  va lues  employed i n  these  gauges, an avalanche 
w i l l  not develop unless  a s u f f i c i e n t  number of gas molecules e x i s t s  i n s i d e  
t h e  anode cage t o  provide t h e  threshold number of avalanche i n i t i a t i n g  
c o l l i s i o n s .  

Figure 3 1 i l l u s t r a t e s  t h e  process by which 

An avalanche i n i t i a t i n g  e l ec t ron  may make an ion iz ing  

For t h e  
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The t o t a l  cathode cur ren t  corresponding t o  threshold  f o r  t h e  magnetron 
gauges i s  between 7 and 9 x 10-13 amps,  inc luding  c u r r e n t s  from avalanche 
i n i t i a t i n g  e l ec t rons ,  ions and background. 
t o  seven times g r e a t e r  than t h e  background alone, t he re  i s  a c l e a r l y  d i s -  
t inguishable  d i f f e rence  between opera t ion  of t h e  gauges above and below 
threshold .  Even t h e  c l eanes t  tubes exh ib i t  t h i s  th reshold  phenomenon. 

Since t h i s  t o t a l  value i s  fou r  

The r e a l  p re s su re  corresponding t o  threshold  i s  about 60 times d i f -  
f e r e n t  f o r  the two magnetron designs ( s e e  Figure 35), which suggests a 
p o s s i b l e  d i f fe rence  i n  t h e  number of e l ec t rons  ava i l ab le  f o r  avalanche 
i n i t i a t i o n .  Differences between a t  l e a s t  two parameters of t hese  gauges 
lead  t o  a p red ic t ion  of d i f f e r e n t  e l e c t r i c  f i e l d  values a t  t he  cathode 
surfaces:  
t h e  GCA 1410 gauge; and (2)  t h e  c e n t r a l  cathode rad ius  i s  about double t h a t  
used i n  t h e  NRC 552 gauge ( see  Figure 32). 
alone a r e  s u f f i c i e n t  t o  account f o r  t h e  d i f f e rence  i n  threshold  p re s su res  
i s  an open question. 

(1) the  recommended opera t ing  p o t e n t i a l  i s  800 v o l t s  lower f o r  

Whether o r  not t hese  d i f f e rences  

The continuously modified, nonlinear-response curve above threshold  
and the  approach t o  l i n e a r  response due t o  space charge s a t u r a t i o n  a r e  two 
a d d i t i o n a l  q u a l i t a t i v e  c h a r a c t e r i s t i c s  observed experimentally f o r  both 
magnetron gauges. However, we again note t h a t  q u a n t i t a t i v e  values a r e  
d i f f e r e n t  (see Figure 35) f o r  t h e  two commercial designs.  The nonl inear  
response above t h e  threshold  i s  s t eepe r  f o r  t h e  Kreisman tube, beginning 
with a slope of about 1 4  and reaching 1.11, whereas t h e  Redhead response 
curve begins wi th  2.2 and reaches a nea r ly  l i n e a r  slope of 1.04. 
d i f f e rences  may be viewed a l t e r n a t i v e l y  i n  terms of an inc rease  wi th  p r e s -  
sure  of the ion iza t ion  p r o b a b i l i t y  or t he  number of i on iz ing  e l ec t rons  i n  
t h e  contained discharge.  

These 

The containment of space charge appears t o  be r e l evan t  t o  t h e  a t t a i n -  
ment of l i n e a r  response. The unique f e a t u r e  of a u x i l i a r y  cathodes i n  t h e  
Redhead design permits a much c l o s e r  spacing between cathode and anode 
e l ec t rodes ;  thus,  t h e  anode cage i s  t i g h t l y  enclosed e l e c t r o s t a t i c a l l y  and 
t h e  space charge i s  apparently contained wi th in  t h i s  f i x e d  volume a t  a more 
c l o s e l y  sa tura ted  value.  It i s  i n t e r e s t i n g  t o  note,  i n  c los ing ,  t h a t  c a l i -  
b r a t i o n  of t h e  f l i g h t  model NRC magnetron design (Ref. 22), i n  which no 
a u x i l i a r y  cathodes a r e  used gave a response curve wi th  a s lope  of 1.15. 
That i s ,  the f l i g h t  model magnetron response was s i m i l a r  t o  t h e  1.11 slope  
of t he  Kreisman design f o r  normal opera t ion  above 10-l' t o r r .  Thus t h e  
da t a  f o r  f l i g h t  gauges (Ref. 22) and Kreisman gauges both without a u x i l i a r y  
cathodes show only an approach t o  s a t u r a t i o n  and l i n e a r i t y .  On t h e  o t h e r  
hand, t h e  response (1.04 s lope)  of r e g u l a r  Redhead gauges wi th  a u x i l i a r y  
cathodes and the  e l e c t r o s t a t i c a l l y  t i g h t  anode cage which r e s u l t s  e x h i b i t s  
almost complete f u l f i l l m e n t  of t h e  space charge s a t u r a t i o n  hypothesis f o r  
l i n e a r  response, which i s  described i n  t h i s  r e p o r t .  
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The Redhead and Kreisman gauge designs may be described as magnetrons 
operated below cutof f  s ince  e lec t rons  may not e n e r g e t i c a l l y  t r a v e l  from 
cathode t o  anode without gas molecule i n t e r a c t i o n s .  
c u r r e n t  across  t h e  e l ec t rode  gap i s  forbidden i n  t h e s e  designs by t h e  
e l ec t rode  and magnetic f i e l d  arrangements. 

A r e s i d u a l  e l e c t r o n  

The t r i g g e r  discharge gauge arrangement does not abso lu t e ly  exclude 
e l ec t ron  flow from cathode t o  anode. 
magnetic f i e l d  from t h e  cathode p l a t e s  t o  t h e  edge of t h e  anode cy l inde r ,  a 
d i s t ance  of 0.8 mm. 
r e s i d u a l  cu r ren t  background; however, t h e  t r i g g e r  discharge gauge appears 
t o  be opera t ing  a t  t h e  threshold  f o r  such r e s i d u a l  c u r r e n t .  The ind iv idua l  
condi t ion  and h i s t o r y  of a gauge tube can s i g n i f i c a n t l y  a f f e c t  t h e  r e s i d u a l  
cu r ren t .  Thus t h e  operation of a magnetron gauge gene ra l ly  y i e l d s  a recog- 
n izable  drop a t  t h e  low pressure  end, as seen i n  Figures 33, 34, and 35, 
corresponding t o  a l o s s  of ion cu r ren t .  Whereas, t r i g g e r  gauge opera t ion  
i s  o f t e n  confused by r e s i d u a l  cu r ren t  as seen i n  Figure 36. 

Eiec t rons  may t r a v e l  p a r a l l e l  t o  t h e  

E a r l i e r  Penning c e l l  designs were l imi t ed  by such a 

Two genera l  cases  e x i s t  f o r  t he  t r i g g e r  discharge gauge response 
below t o r r .  I n  t h e  f i r s t  case the tube  l o s e s  t h e  ion  c u r r e n t  component 
near  10-l' t o r r  and drops t o  a background cu r ren t  of about lO-l.3 amps ( s e e  
Figure 3 7 ) .  
p re s su res  below 10-l' t o r r  i s  charac te r ized  by t h e  presence of some spurious 
c u r r e n t ,  Figures 36 and 37. Ion cur ren t  i s  p re sen t  whenever t h e  discharge 
e x i s t s  as should be expected. In  t h e  second case  another source of cu r ren t  
becomes s i g n i f i c a n t .  This source i s  i n  add i t ion  t o  the  leakage c u r r e n t  
background. The probable sources f o r  t h i s  erroneous cu r ren t  a r e  e l ec t ron  
f i e l d  emission from cathode t o  anode and secondary e l ec t ron  emission from 
the cathode under ion  bombardment. Figures 36 and 37 show t h e  v a r i a t i o n s  
which may occur i n  t h e  t r i g g e r  discharge gauge response. No s i n g l e  response 
curve i s  followed f o r  pressures  below t o r r .  Figure 38 gives a response 
curve f o r  p re s su res  above lom8  t o r r  showing a nonl inear  increase  of i on  
c u r r e n t  w i th  p re s su re  until a glow type discharge and ion  recombinations 
l i m i t  response near  t o r r .  

The second case  i n  which ion cu r ren t  i s  maintained f o r  gas 

IV. RESULTS AND CONCLUSIONS 

The r e s u l t s  of t h i s  research program can be r e a d i l y  applied t o  t h e  two 
major a reas  of concern i n  UHV technology: 
environments and (2)  t h e  measurement of t h e  degree of evacuation which e x i s t s  
w i th in  each environment. 

(1) t h e  product ion of evacuated 
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I n  the  a rea  of evacuation, we have s tudied th ree  techniques: cryo- 
pumping, ge t te r - ion  pumping, and d i f fus ion  pumping. The following major 
conclusions can be drawn from the  vacuum pumping s tud ie s :  

1. Cryopanels of type 304 s t a i n l e s s  s t e e l  operat ing a t  4.2'K can 
be used e f f ec t ive ly  t o  pump helium gas. Sa tura t ion  of t he  pane l  f o r  extreme- 
high vacuum (< 5 x 
one-half monolayer coverage of t he  panel .  

t o r r )  appl ica t ion  begins t o  occur a t  approximately 

2. Cryopanels of type 304 s t a i n l e s s  s t e e l  operat ing i n  a temperature 

t o r r )  begin t o  occur a t  approx- 
range of 18 t o  21°K can be used t o  pump hydrogen gas.  
pane l  f o r  extreme-high vacuum (< 5 x 
imately one-half monolayer coverage of t h e  panel .  

Sa tura t ion  of the  

3. The two pumping modes observed f o r  ge t t e r - ion  pump a t  pressure  
above and below t o r r  have been r e l a t e d  t o  the  discharge a c t i v i t y  wi th in  
the  Penning c e l l s  o f  t he  pump. Above t o r r  a dense e l ec t ron  cloud 
( v i r t u a l  cathode) e x i s t s  a t  the  cen te r  of t he  c e l l  extending from cathode t o  
cathode. Below t o r r  t he  dense e l ec t ron  cloud extinguished and t h e  
only remaining major discharge a c t i v i t y  i s  around t h e  per iphery  of t h e  
anode. This l a t t e r  condi t ion c o n s t i t u t e s  the  second mode of pumping. 

4. The pumping speed of a ge t t e r - ion  pump i s  not  g r e a t l y  a f f ec t ed  by 
changes i n  anode vol tage between 7,700 v. and 1,000 v .  f o r  H, H2, H20, CO, 
Ar, and C02. 
increas ing  anode vol tage.  

However, t he  pumping speed f o r  He and CHq increase  wi th  

5. 
sures  below 

Discharges can be es tab l i shed  i n  a ge t t e r - ion  pump quickly a t  pres -  
t o r r  by using an anode vol tage of a t  l e a s t  4,000 v. 

6. A ge t t e r - ion  pump can be a major source of gas wi th in  a system, 
however, t h i s  e f f e c t  can be g r e a t l y  reduced by simultaneous baking of t h e  
pump with t h e  UHV por t ions  of the  system t o  400°C while evacuated. 

7 .  The use of a dua l  expansion nozzle i n  mercury d i f f u s i o n  pumps 
permits  the operat ion of t h e  pump at higher  b o i l e r  temperatures r e s u l t i n g  i n  
a 19 t o  34 percent  increase  i n  pumping speed and a reduct ion i n  back 
d i f fus ion  by approximately one order  of magnitude f o r  helium gas.  

I n  the  a rea  of vacuum measurement, t he  following major conclusions have 
been drawn: 

1. Images generated by ind iv idua l  molecules have been observed wi th  
a f i e l d  emission microscope ( F E M )  . 
t i p  of a FEM can thereby be determined by monitoring t h e  spot  p a t t e r n s  
which appear on the  screen of t he  FEM. 

The a r r i v a l  r a t e  of molecules a t  t he  
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2. An independent pressure  determination has been accomplished by 
employing a.FEM t o  determine the  s t r i k i n g  r a t e  of xenon molecules i n  t h e  
10’’ t o r r  range. 
t h e  k i n e t i c  gas theory t o  t h e  s t r i k i n g  r a t e  data .  

The pressure  can then be ca l cu la t ed  by means of applying 

3. 
readings from an NRC Model 552 magnetron gauge. Agreement was found 
between t h e  s t r i k i n g  r a t e  and t h e  gauge reading. 

The pressure  determined by the FEM has been compared t o  p re s su re  

4.  The F E M  technique i s  an independent v e r i f i c a t i o n  of t h e  v a l i d i t y  
of t h e  var ious  gauge c a l i b r a t i o n  techniques such as  t h e  pressure  r a t i o  
technique which was  used t o  determine the  ion  cu r ren t  t o  pressure  response 
c h a r a c t e r i s t i c s  f o r  t he  NRC Model 552 magnetron used above. 

5. 
observed and i d e n t i f i e d  f o r  magnetron gauge operation. These cha rac t e r -  
i s t i c s  a r e :  (a)  an absence of a discharge below some l n v  p e s c u r e  l e x 1 ;  
( b )  a th reshold  ion  cu r ren t  a t  a pressure dependent on gauge geometry and 
vol tage ;  ( e )  a g rea t e r - than - l inea r  r i s e  of ion  cu r ren t  wi th  pressure  due 
t o  t h e  pressure-dependent r i s e  of t h z  e l ec t ron  cloud dens i ty  i t s e l f ;  and 
(d )  a s a t u r a t e d  e l ec t ron  space charge (above 
ion  c u r r e n t  t o  pressure  response. 

Four pressure-dependent discharge c h a r a c t e r i s t i c s  have been 

t o r r )  giving a l i n e a r  

6.  The p res su re  response c h a r a c t e r i s t i c s  f o r  a c lean  NRC Model 552 
(Redhead) magnetron gauge operating a t  4,800 v. i n  a magnetic f i e l d  of 
1040 gauss a re :  
i nd ica t ed  pressure  reading of 5 x t o r r  when t h e  r e a l  p re s su re  i s  
below t h e  threshold  f o r  opera t ion ;  (b)  a t o t a l  cu r ren t  value of 9 x 10 
amps for i n i t i a t i o n  of a sus t a in ing  discharge; t h i s  th reshold  l e v e l  co r -  
responds t o  an i nd ica t ed  pressure  of  2 x t o r r  and a r e a l  p re s su re  
of  about 2.7 x t o r r ;  ( e )  a nonlinear response curve f o r  values above 
threshold  wi th  a cont inuously changing slope approaching l i n e a r i t y  near  
lo-’ t o r r ;  t h i s  i s  presumably due t o  the continuous buildup of space charge 
toward a s a t u r a t e d  value,  i . e . ,  t he  s e n s i t i v i t y  of t he  gauge inc reases  a s  
space charge inc reases  u n t i l  a nea r ly  sa tu ra t ed  s t a t e  i s  reached a t  lo-’ 
t o r r ;  (d)  a region of i n s t a b i l i t y  o r  resonance around 7 x t o r r  
cha rac t e r i zed  by o s c i l l a t i o n s  i n  t h e  output c u r r e n t ;  and ( e )  a response 
curve above lo-’ t o r r  which has a near ly  l i n e a r  s lope  of 1.04 wi th  a s l d w  
r i s e  i n  s e n s i t i v i t y ,  due t o  add i t iona l  buildup of t h e  e s s e n t i a l l y  s a t u r a t e d  
space charge.  

( a )  a background leakage c u r r e n t  corresponding t o  an 

- 13 

7 .  The pressure  response c h a r a c t e r i s t i c s  f o r  a c l ean  GCA Model 1410 
(Kreisman) gauge opera t ing  a t  4,000 v. i n  a magnetic f i e l d  of 1040 gauss 
a r e :  
reading o f  about 4.5 x 

(a)  a background leakage cu r ren t  corresponding t o  an ind ica t ed  p res su re  
t o r r  f o r  any r e a l  gas p re s su re  value below 
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1 . 7  x 10-l' t o r r ;  i . e . ,  f o r  p re s su res  below opera t ing  threshold ,  t h e  gauge 
remains i n  the  ou t -o f - s t r ike  s t a t e ;  (b)  a t o t a l  cu r ren t  value of 7 x 
amps for i n i t i a t i o n  of a discharge;  t h i s  th reshold  l e v e l  corresponds t o  an 
ind ica ted  pressure reading of 3.5 x 10-13 t o r r  and a r e a l  p re s su re  of 
1 .7  x t o r r ;  ( c )  a nonl inear  response curve f o r  values  above threshold  
wi th  a continuously moderated s lope,  due t o  the  self-moderation of space 
charge buildup; (d)  a region of i n s t a b i l i t y  around t o r r ;  and ( e )  a 
s e n s i t i v i t y  above t o r r  which cont inues t o  inc rease  with pressure  along 
a response curve of s lope 1.11; thus  a l i n e a r  response i s  not  achieved 
over any por t ion  of t h e  pressure  range. 

8. No s i n g l e  response curve can be given f o r  t he  G. E.  t r i g g e r  
discharge gauge f o r  t h e  pressure  range below t o r r .  However, below 
lo-' t o r r  two genera l  types of response can e x i s t .  I n  t h e  f i r s t  case  t h e  
tube lo ses  t h e  ion  cu r ren t  component near  lom1' t o r r  and drops t o  a back- 
ground cu r ren t  of about amp. I n  t h e  second case ion cu r ren t  i s  
maintained f o r  gas pressures  below lom1' t o r r ,  bu t  t he  gauge response i s  
charac te r ized  by the  presence of some non-ion cu r ren t .  The probable sources 
for t h i s  erroneous cu r ren t  a r e  e l ec t ron  f i e l d  emission from cathode t o  anode 
and secondary e l ec t ron  emission from t h e  cathode under ion bombardment. 
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